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Abstract 
This project tests the theoretical model predicting human health deterioration 
with the development and intensification of agriculture in northern Chile 
(Cohen and Armelagos 1984). Research from North America and Europe was 
used to develop the model, although recent work from South America and 
Asia (Benfer 1990; Halcrow 2006) does not support it. These conflicting 
findings indicate that region-specific environmental, cultural, and biological 
factors affect population susceptibility, physiological stress levels, and 
conclusions regarding health change. Further testing in marginalised 
environments is important for the general applicability of this model. 
 
This research tested Armelagos and Cohen’s (1984) model, using measures of 
skeletal and dental growth quality as a proxy for health in 240 individuals, 
from the Pacific Coastal Valleys of northern Chile’s Atacama Desert. These 
valleys are an example of marginalized conditions, where maize agriculture 
was developed around 3,500 BP despite adverse agricultural conditions 
including arsenic-contaminated water and high boron levels in the soil 
(Arriaza 1995a; Strasser and Schlunneger 2005). Analyses of post-natal linear 
and cortical growth, linear and cortical asymmetry, general crown size and 
asymmetry, dental enamel defects, and indicators of biological adolescence 
show that health remained relatively stable with the development and 
intensification of agriculture. These findings fit with results from Peru and 
Mexico where health was constant with agriculture (Benfer 1984; Hodges 
1987). Unique environmental conditions, genetic isolation and adaptation, 
and socioeconomic differences, such as semi-sedentism of the hunter-
gathering populations and the maintenance of a dietary marine component by 
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Preface 
 
The thesis comprises seven chapters including the introduction, two literature 
reviews, methodology, two results chapter, discussion, and conclusion as 
follows:  
 
Chapter One (Introduction): involved the introduction to the central question 
around testing the theoretical model for agriculture in northern Chile’s 
Atacama Desert and the null two hypotheses for this research.  
 
Chapter Two (Literature Review): introduces the environment of early 
northern Chile within the context of the physiological stress model. The 
region of northern Chile, and literature on paleoclimate conditions that may 
have affected health and led early populations to develop agriculture is 
reviewed. This chapter also discusses the established cultural chronology, and 
current literature on archaeobotanical verification for subsistence, evidence 
for contact with highland populations, mortuary practices, as well as current 
findings for health.   
 
Chapter Three (Literature Review): The first half of this chapter looks at 
growth studies in bioarchaeology, including their value and limitations. The 
second part of the chapter reviews the value of growth as a proxy for health 
by discussing current literature on how growth responds to environmental 
conditions, and factors that can influence the sensitivity and magnitude of 
this response.  
 
Chapter Four (Materials and Methods): involves a review of the skeletal 
sample, its representativeness of the archaeological cultures, and the sites and 
dates of occupation. The second half of this chapter focuses on the methods, 
the literature behind each of the techniques, and where possible, evaluations 
of their performances on other skeletal samples.  
 
Chapter Five (Age estimation from Dental Mineralisation Progress): This 
chapter contains the table of stages of dental development for the teeth 
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representing each individual, male and female age ranges for these teeth, and 
the final age of the individual.  
Chapter Six (Results): This chapter discusses the statistical approach taken to 
analysing the data, and the analyses, including intra-observer error rates.   
 
Chapter Seven (Discussion): This chapter involves a discussion of the results 
from Chapter Five in the wider context of regional and global findings for 
health change with agriculture. The chapter will also evaluate weaknesses of 
this research in the context of common issues when studying growth in the 
past, as well as issues directly related to this research.  
 
Chapter Eight (Conclusion): A brief summary of the findings from this thesis, 
in the wider context of global findings for agriculture and health, and areas 





































Chapter 1: Agriculture and Physiological Stress: A Bio-Cultural 
Approach to Investigating the Quality of Life in the Past 
 
 
“Agriculture is the most healthful, most useful, and most noble employment of man.” 
 
~ George Washington 
1.0 Opening Remarks 
For over two million years of the history of the genus Homo, there was little 
change in human lifestyle. Between ca. 10,000 and 5,000 years ago, the 
development of agriculture occurred at different locations around the world, 
revolutionising all aspects of human society (Alfonso et al., 2007; Armelagos et 
al., 1991; Bocquet-Appel 2011; Larsen 1995; Pearsall 2008; Pechenkina et al., 
2007; Stock and Pinhasi 2011). Indeed, explosive population growth, reduced 
migratory requirements, and the ability to store surplus amounts of food, 
preventing starvation, are benefits of agricultural practices (Bocquet-Appel 
2011; Gage and DeWitte 2009; Larsen 1995; 2013). Agricultural development is 
also accredited with significant social and cultural advances, leading to the 
formation of chiefdoms and empires, characterised by complex social 
hierarchies, in different regions around the world (Bocquet-Appel 2011; Gage 
and DeWitte 2009). Importantly, the development of agriculture was not just a 
change in subsistence, but a major shift in social and technological practices. 
These advances initially appear advantageous to humankind, yet studies 
show that technological and social changes have just as much of an impact on 
human health, whether positive or negative, as the subsistence transition itself 
(Armelagos et al., 1969; Martin et al., 1984; Rudney 1983; Zakrezewski 2003). 
Studies of the impact of agricultural development on human health in the are 
complex, because they require considerations of these social and technological 
developments, nuanced aspects of which, may be lost to history. The 
influence of findings for health change across the transition vs. intensification 
of agriculture is important (Cook 1984, 2007; Larsen et al., 1984, 2007; Marquez 
Morfin and Storey 2007; Martin et al., 1984; Ubelaker 1984), with many studies 
reporting that the intensification of agriculture often had a negative impact on 
 








health when the transition to agriculture did not (Cook 1984, 2007; Larsen et 
al., 1984, 2007; Marquez Morfin and Storey 2007; Martin et al., 1984; Ubelaker 
1984). Nevertheless, the development of empires, almost a millennium after 
the agricultural transition, and associated population explosions has led 
agriculture to be viewed as the cornerstone of modern civilization (Bocquet-
Appel 2011; Gage and DeWitte 2009).  
 
These findings for the success of agriculture in sustaining human populations 
and implications for life quality have led bioarchaeologists to try to quantify 
exactly how agriculture has impacted upon human health. This research in 
bioarchaeology has focused on changes in the prevalence of stress indicators 
as a proxy for health across the hunter-gatherer to agriculturalist transition 
with region-specific considerations of social and technological advances 
(Cohen and Armelagos 1984). Health for the purposes of this thesis is defined 
as, “a state of complete physical, mental, and social well-being and not merely the 
absence of disease or infirmity” (WHO 1948: 100). This study aims to shed new 
light on the relationship between agriculture and human health, and how 
cultural practices underpin growth quality by analysing the growth of infants 
and children from coastal valleys of northern Chile’s Atacama Desert.  
 
Research in bioarchaeology has shown that human health was negatively 
affected by the introduction of agriculture in some parts of the world. In fact, 
the majority of studies presented at a key symposium in 1984 reflected this 
deterioration in health (Cohen and Armelagos 1984). Based on these findings, 
predominantly from Europe and North America, a theoretical model was 
developed, anticipating health deterioration with agricultural development 
(Cohen and Armelagos 1984). This model predicts there was an increase in 
population sizes, unsanitary conditions, and the spread of disease due to close 
living conditions and proximity to domesticated animals, which had a 
negative effect on physical health (Cohen and Armelagos 1984). Restriction of 
the diet to rely on a couple of plant carbohydrates may have also increased 
instances of malnutrition, weakening immune systems, and promoting the 
spread of disease (Bocquet-Appel 2011; Cohen and Armelagos 1984; Larsen 
1995). However, a couple of studies from South America (Benfer 1984; 
 








Ubelaker 1984) and the United States (Dickel et al., 1984) at this 1984 
symposium reported sustained or improved health with agriculture, directly 
contradicting the majority of findings. Since this initial meeting, further 
research from around the world, including Asia and South America, have 
shown health did not deteriorate with the transition to agriculture (Benfer 
1990; Halcrow et al., 2013; Hutchinson et al., 2007; Rudney 1983; Starling and 
Stock 2007; Temple 2011; Zakrzewski 2003). These opposing findings 
regarding the relationship between human health and agriculture suggests 
environment-specific social, and natural factors are responsible for changes in 
health quality. Yet, while researchers have disputed the model, further testing 
is necessary, from marginalised or extreme environments, that differ from 
those the model was developed upon. Unfortunately, such conditions are rare 
for testing this model because of the requirements of pre-, transition, and 
post-agricultural skeletal samples, including clear documentation of 
differences in subsistence practices (e.g. the shift to a major reliance and 
production of plant-based carbohydrates). Further, humans did not usually 
stay in such extreme conditions long enough to develop agricultural practices. 
 
Bioarchaeologists study stress markers from skeletal and dental remains to 
reach conclusions about health and thus, the quality of living conditions in 
the past (Alfonso et al., 2007; Armelagos et al., 1969; Djuric et al., 2010; 
Goodman et al., 1984a; Lovejoy et al., 1990; Nagaoka et al., 2006). This 
approach enables the impact of major cultural changes on human health, such 
as the development of agriculture, to be assessed (Goodman et al., 1984; 1988; 
Goodman and Armelagos 1989). These hard tissues offer a direct link to early 
environmental conditions, so are important and relevant in investigations of 
the health of past populations. Growth studies are one such way that health 
quality can be investigated, although there are challenges to these types of 
studies. This is because growth studies require high numbers of infant and 
child skeletons, which may be difficult to obtain because of early collection 
biases when only the skulls of immature remains were considered useful to 
health research in bioarchaeology (Halcrow et al., 2008). Growth occurs over a 
long period of time and due to the lengthy nature of the process, is highly 
sensitive to the environment (Bogin 1988). Clinical research has also 
 








correlated poor growth with reduced adult health quality, manifesting in low 
fertility and productivity, so growth quality is as much an indicator of 
population well-being as it is of individual health (Bogin 1988; Bogin and 
Loucky 1997; Larsen 1995; 1999; WHO 2006). Therefore, although growth 
studies may have challenges regarding sample sizes, they do offer valuable 
insight into human health in the past.  
 
This study involves testing the bioarchaeological model for agriculture and 
human health on a prehistoric skeletal sample from the Pacific coastal valleys 
in the Arica region of northern Chile. Agriculture has been practiced in this 
region since ca. 3,500 BP (Arriaza 1995a; b; Rivera 1991; Sutter 2000), and the 
preservation of this collection is excellent. The assemblage is convenient for a 
growth study, containing two hundred and forty infants and children 
(N=240), from thoroughly documented cultures spanning the pre-, transition, 
and post-agricultural periods in the region (Arriaza 1995a; Arriaza et al., 
2008a; Marquet et al., 2012; Rivera 1991; Standen et al., 2014; Sutter 2000; 2006). 
The Pacific coastal valleys of northern Chile’s Atacama Desert are also highly 
marginalised as they experience little rainfall, contain elevated levels of heavy 
metals in the freshwater (e.g. Arsenic), and extremely saline soil (Arriaza et al., 
2014a; Encyclopaedia Britannica 2015a; Figueiredo et al., 2010; Standen et al., 
1995; Stanish 1992; Strasser and Schlunegger 2005). The combination of these 
factors makes this skeletal sample ideal for a growth study to investigate the 
effects of agriculture on human health in extreme conditions. 
 
The rest of this chapter will lay out the information for the central question 
regarding the testing of the model for human health and agriculture. To do 
this, the origins of agriculture and its impact on human health (Section 1.1), 
the bioarchaeological model for health and agriculture (Section 1.2), 
agriculture in South America, particularly in the Atacama Desert of northern 
Chile (Section 1.3), and the skeletal sample studied (Section 1.4) will be 
discussed in the relevant sections. The hypotheses (Section 1.5), and objectives 
(Section 1.6) will follow. 
 








1.1 The Origins of Agriculture and Its Impact on Human Health  
Using an archaeological definition for this thesis, agriculture occurs where, 
“farming and/or herding predominate the activities of a particular community and 
determine the main diet, although hunting and gathering may continue” (Price and 
Yosef 2011: S165). Agriculture was developed over the last ~10,000 to 5,000 
years at different centres located in Southwest Asia, Southeast Asia, Africa, 
Mesoamerica, and South America (see Figure 1.1 below), although causal 
factors behind this significant cultural and lifestyle transition are unknown 
(Flannery 1973; Gage and DeWitte 2009; Larsen 1995; Smith 1994).  
 
 
Figure 1.1: Geographic centres of origins of food production (orange) and the most productive modern 
agricultural areas (yellow) are shown (taken from Ancient World History 2016 after Diamond 1998 
and McNeil and McNeil 2003). Sites of origin vary in age, for example, from ca. 9,000 years (Chinese 
location), ca. 10,000 years (Mesoamerica, Andes, and Amazonia), to ca. 13,000 years (Fertile Cresent) 
McNeil and McNeil 2003.  
 
Domestication of local flora and fauna, techniques of food preparation, and 
continued or reduced reliance upon terrestrial and marine resources to 
supplement agriculture characterised each locale (Flannery 1973; Khoury et 
al., 2016). For example, rice was domesticated in India and Central China 
independently, maize and beans in Central America (Larsen 1995; 2006); and 
cattle, sheep, goats, and pigs in various geographical locations (Larsen 2006: 
 








12). The domesticated species and food preparation methods were gradually 
transferred to nearby regions (Larsen 2006). With agriculture came significant 
social and lifestyle changes, such as the establishment of permanent 
settlements. The formation of social hierarchies in the empires and states that 
were developed approximately a millennium after agricultural practices were 
developed is also attributed to agriculture (Larsen 1995; 2006). Improved 
health in agriculturalists was possibly caused by increased food availability, 
evident from a population explosion indicating greater fertility (Bocquet-
Appel 2011; Gage and DeWitte 2009; Mummert et al., 2011). Yet, a large body 
of research shows that agriculture has had negative consequences for human 
health, e.g. Alfonso et al. 2007; Allen et al. 1980; Armelagos et al. 1969; Bridges; 
1989; 1991; Cohen and Armelagos 1984; Larsen 1995; 2006; Watson et al. 2010; 
2013; among others. 
 
 1.1.1 Agriculture and Human Health in Bioarchaeology 
Investigations into the effects of agriculture on human health was only really 
possible once significant theoretical development occurred regarding factors 
affecting health, such as the development of a physiological stress model, and 
interpretations of health findings at a population level (Goodman et al., 1984a; 
Goodman and Armelagos 1989). Cohen and Armelagos (1984) established an 
approach to the study of agriculture and its impact on human life quality 
through investigations of skeletal and dental stress indicators across the 
agricultural transition. Yet, as Mummert et al. (2011) states, this pioneering 
research was only possible because considerable theoretical advances had 
already occurred in bioarchaeology. For example, diseases diagnosed at an 
individual level were being discussed in the wider context of population 
health (Mummert et al., 2001: 285). It is also impossible to establish whether a 
child is short for their age unless they are compared to population-specific 
growth standards (Mummert et al., 2011; WHO 2006). Researchers have 
assessed multiple stress indicators to develop a more comprehensive 
approach to investigations of health quality in past populations across the 
agricultural transition (Cohen and Armelagos 1984; Mummert et al., 2011). 
This bioarchaeological model for agriculture and human health deterioration 
has been further altered to incorporate demographic information, including 
 








mortality and fertility changes that are seen to be related to alterations in 
health (Bocquet-Appel 2011; Gage and DeWitte 2009; Larsen 2013). However, 
Wood and colleagues’ (1992) paper on the osteological paradox challenges the 
model predicting the deterioration of human health across the agricultural 
transition (Cohen and Armelagos 1984). This paper describes limitations of 
investigating health changes from cemetery samples through studies of 
physiological stress indicators, and reconstruction of demographic profiles, as 
well as analyses of fertility and mortality (Alfonso et al., 2007; Marquet et al., 
2012; Moreno et al., 1992; DeWitte and Stojanowski 2015; Wood et al., 1992; 
Siek 2013; Wright and Yoder 2003). Wood et al. (1992) suggest that skeletal 
samples do not accurately represent the populations they were derived from, 
as fertility, mortality, and migration continually alter populations (DeWitte 
and Stojanowski 2015; Wood et al., 1992; Siek 2013; Wright and Yoder 2003). 
Genetic susceptibility through ‘hidden heterogeneity’ may also suggest that 
some individuals are naturally weaker and more likely to succumb to 
negative conditions. Yet, prevalence of such vulnerability throughout each 
population is unknown and may vary considerably (Wood et al., 1992). 
Further, in studies of immature individuals, those who die younger are not as 
likely to manifest the formation of stress indicators and pathological lesions 
because they take time to form, so the younger individual appears healthier in 
death (Wood et al., 1992). Conversely, those who experienced greater lesion 
development was actually healthier as they had endured these lesions for 
longer, suggesting stronger immune responses. This paper by Wood and 
colleagues (1992), discussed in Chapter Three, has directly challenged 
findings for health deterioration across the agricultural transition and is key 
to interpretations of health findings for this research.  
 
The complex nature of cultural influences, technological advances, and 
environmental adaptations on human health has been recognized. For 
example, cultural practices may enable better adaptation to local conditions, 
or exacerbate poor environments, contributing to health deterioration 
(discussed further in Chapters Two and Three; Goodman et al., 1984a; 1988; 
Goodman and Armelagos 1989; Mummert et al., 2011; Temple and Goodman 
2014). In the archaeology, modifications of burial rites, pottery designs and 
 








colours, clothing, architecture for housing and occupational sites are some of 
the ways that cultural shifts have been identified in the past (Augustyniak 
2004; Browman 1978; Hastorf 2008; Korpissari et al., 2014; Rivera 1991; 2008; 
Sutter 2000; 2005; 2006). Cultural development may lead to gender-specific 
social roles with associated implications for health. Cohen (1977) suggests that 
one cause for agriculture was the pressure placed on local resources by 
increasing population sizes. These larger populations likely precipitated the 
evolution of social complexity, manifesting through the development of 
sedentary villages, trade routes, and social hierarchies that likely involved 
gender-specific roles. This is not to say that gender-specific roles were not 
present in hunter-gatherer populations but expectations in agriculturalist 
populations generally appears to have involved a more strenuous physical 
element (Armelagos et al., 1969; Bridget et al., 1989; Cook 1984; 2007; Martin et 
al., 1984; Rudney 1983; Zakrzewski 2003). These gender-specific roles in 
agriculturalists had different impacts on health, depending upon locale-
specific requirements (Armelagos et al., 1969; Cook 1984; 2007; Martin et al., 
1984; Rudney 1983; Zakrzewski 2003). Generally, females remained closer to 
home, looking after crops, while males continued hunter-gathering practices 
to supplement the plant-based diet. These distinct roles would have led to 
differences in access to dietary protein and carbohydrates with males 
receiving more protein. Females from agricultural populations frequently 
display greater rates of dental caries associated with higher carbohydrate 
intake (Pietrusewsky and Toomay 2001; Toomay and Pietrusewsky 2007). 
However, this is not always the case, for example, in Egypt, adult height 
significantly increased across the agricultural transition before declining with 
agricultural intensification (Zakrzewski 2003). The higher social status of 
Egyptian females may have afforded them access to the same resources as 
males, while the later stature reduction may have been caused by behavioural 
changes required for the intensification of agriculture (Zakrzewski 2003). The 
social role of children also varies considerably between societies and over 
time, which will have implications for health and will be discussed in more 
detail in Chapter Three. 
 
 








There have also been notable health alterations with the intensification of 
agriculture. These changes are attributed to significant technological and 
gender-role developments that occurred (Rudney 1983). For example, Rudney 
(1983) reports that a decline of irrigation practices in the Sudan reduced 
exposure to helminth disease, improving health. In Ecuador and the wider 
Mesoamerica, prevalence of dental caries, ante-mortem tooth loss, and linear 
enamel hypoplasias increased with agricultural intensification rather than 
across the agricultural transition (Marquez Morfin and Storey 2007; Ubelaker 
1984). In these geographical regions, stature and rates of periosteal change did 
not change, while the prevalence of porotic hyperostosis increased with 
agricultural intensification and not the transition (Marquez Morfin and Storey 
2007; Ubelaker 1984). Conversely, in Mexico, there were no changes in the 
prevalence of periosteal lesions and cribra orbitalia with agricultural 
intensification (Roberts and Cox 2007). These findings show that sometimes, it 
is the intensification of, rather than the transition to, agriculture that 
negatively impacts on health, through substantial changes in behaviour and 
technology. Therefore, it is worth investigating health changes across these 
sequential changes in social, subsistence, and technological advances to 
understand how health was impacted by agriculture in each region. These 
findings will be important to the literature surrounding the bioarchaeological 
model for agriculture and human health.   
 
1.2 The Bioarchaeological Model for Health (Growth) and Agriculture  
“Paleopathology at the Origins of Agriculture,” the seminal body of research 
regarding agriculture and human health, comprises twenty-one studies 
comparing health in skeletal samples representing hunter-gatherers and 
agriculturalists (Cohen and Armelagos 1984). This model makes numerous 
assumptions based on these studies, predominantly from North America and 
Europe, to reach conclusions about poor health with agriculture (see Cohen 
and Armelagos 1984). Agriculture requires a sedentary lifestyle leading to 
poor sanitation, while close living conditions and growing populations 
promoted the easy spread of disease (Angel 1966; Armelagos et al., 1991; 
Cohen and Armelagos 1984; Larsen 1995). Diets were restricted to one or two 
 








plant carbohydrates with poor nutritional value (Allen et al., 1980; Cohen and 
Armelagos 1984). For example, Larsen (1995: 189) notes maize is deficient in 
amino acids, specifically lysine, isolysine, and tryptophan, that would lead to 
malnutrition with increased dietary dependence. Malnutrition weakens 
immune systems increasing susceptibility to disease and infection. Early 
agriculturalists were also likely to wean infants early onto the softer 
carbohydrate foods, probably responsible for increasing population sizes 
(Larsen 1995). Earlier weaning periods led to shorter intervals between 
offspring allowing women to have more children resulting in greater 
population sizes thought to indicate better health (Gage and DeWitte 2009; 
Larsen 1995). In summary, the model predicts that fertility and mortality 
increased, while health deteriorated with agriculture (Gage and DeWitte 
2009).  
 
Studies of stress indicators over the past three decades from Africa, North 
America, South America, and Asia have supported this theoretical model 
reporting the deterioration of health with agriculture (Alfonso et al., 2007; 
Anderson 1965; Angel 1966; Beckett and Lovell 1994; Bridges 1991; Boyd and 
Boyd 1989; Cohen and Crane-Kramer 2007; Pechenkina et al., 2002; Pinhasi 
and Stock 2011; Watson et al., 2010; 2013). Pathologies, skeletal growth, 
including linear growth and cortical thickness, and tooth size, are some 
aspects of health that have been investigated across the agricultural transition 
(Alfonso et al., 2007; Anderson 1965; Angel 1966; Beckett and Lovell 1994; 
Boyd and Boyd 1984; Larsen 1995; Starling and Stock 2007; Watson et al., 2010; 
2013).  
 1.2.1 Growth Findings with Agricultural Development 
Linear and cortical growth of long bones is most frequently studied to 
evaluate growth disturbances as a proxy for health change across the 
agricultural transition (Allen et al., 1980; Bailit et al., 1970; Bielicki and Welon 
1982; Cassidy 1984; Cook 1984; 2007; Fearne and Brook 1993). Important 
differences in linear growth vs. adult height need to be defined here for this 
research. Linear growth is measured from the diaphyses of incomplete bones, 
providing a snapshot of the individual’s growth profile at a certain age. Adult 
 








height is the final stature attained by an individual, taken from measuring 
mature bones. Adult stature provides a complete picture of the individual’s 
growth profile including any catch-up growth (discussed later) that may have 
occurred during the individual’s growth process (Bogin 1988). Linear growth 
studies focus on measurements of the diaphysis as a proxy for stature 
changes, and cortical growth studies involve measurements of the thickness 
of cortical bone at the mid-diaphysis. Most of these studies incorporate 
investigations of other measures of health, such as the presence of 
pathological lesions, or skeletal reactions to nutrient deficiencies (Allen et al., 
1980; Bailit et al., 1970; Bielicki and Welon 1982; Cassidy 1984; Cook 1984; 
2007; Fearne and Brook 1993). Researchers have also emphasized temporal 
and spatial differences in cultural practices in these studies of growth quality 
with the development of agriculture (Cook 1984; 2007; Dhavale et al., 2017; 
Geber 2014; Halcrow 2006; Zakrzewski 2003). This emphasis on cultural 
variation is important because ethnographic studies of modern hunter-
gatherer populations have shown that growth is affected by variation in social 
practices, for example, sex-specific roles that may affect access to good 
nutrition (Bari-Kolata 1974; Schlegel and Barry 1991; Owen and Hayden 
1997). This section will focus on aspects of growth used to investigate health, 
including linear and cortical growth of the diaphysis.  
 
As mentioned earlier, growth is sensitive to poor environmental conditions 
and responds in a quantifiable, identifiable manner, making it useful to 
studies of health in the past. For example, clinical research shows that linear 
growth is reduced for age (growth retardation) in malnourished individuals 
(Bogin and Loucky 1997; De Onis and Blössner 1997; Metcalfe and Monaghan 
2001; Otten et al., 2015; Parsons et al., 2001). Growth is influenced by multiple 
factors, such as the natural environment (e.g. parasitic load), and social 
practices, (e.g. sex-specific treatments) and their interplay ultimately affects 
growth’s response. For example, research shows that linear growth in 
immature individuals was disturbed across the agricultural transition in 
multiple locations including India, the Mediterranean, and parts of Europe 
(Angel 1984; Mummert et al., 2001; Smith and Horwitz 2007; Steckel 2004; 
discussed in further detail in Chapter Three). Conversely, at other locations, 
 








including Peru, Portugal, and parts of North America, such as Alabama, 
studies have reported sustained or improved height with agriculture (Benfer 
1984; Bridges 1989; Boyd and Boyd 1989; Cook 2007; Jackes et al., 1997; 
Pietrusewsky and Toomay 2001; Roberts and Cox 2007; Ubelaker and Newton 
2002). For example, Ubelaker and Newson (2002) studied an indigenous 
population from Ecuador, reporting no significant changes in adult height, 
which suggests linear growth was not affected. This may have been due to 
continued practices of hunter-gathering to supplement the agriculturalist diet.  
Interestingly, other traits investigated, such as dental caries, enamel 
hypoplasias, and dental abscesses, increased over time in this population. 
Cook (2007) also reports that the expected decrease in stature did not occur 
across the agricultural transition at Cahokia, a west-central Illinois site. 
Dietary adoption of agriculture in this area was very gradual, taking several 
hundred years; improved food distribution, and diverse local resources 
mitigating the negative health changes in this region and others (Cook 2007).  
 
Cortical growth has also been studied across the agricultural transition in 
immature individuals, as research shows long bone length may be preserved 
at the expense of cortical bone thickness in malnourished humans and 
animals (Adams 1969; Auerbach and Ruff 2006; Barnett and Nordin 1960; 
DeLeon 2007; Dickerson and McCance 1961; Hummert and van Gerven 1983; 
Kujanova et al., 2008; Mensforth 1985). Bioarchaeologists have reported the 
thinning of cortical shafts in some agricultural populations (Bridges et al., 
1989; Cook 1984; 2007; Cassidy 1984; Huss-Ashmore 1981; Keith 1981; 
Goodman and Armelagos 1985a). Conversely, some researchers have found 
that cortical thickness improved or was sustained across the agricultural 
transition due to changes in the type and nature of physical activity 
(Armelagos et al., 1969; Bridges et al., 1989; Boyd and Boyd 1989; Dhavale et 
al., 2017; Halcrow 2006; Mummert et al., 2011; discussed in Chapter Three). 
For example, Boyd and Boyd (1989) report that femoral length was reduced 
across the agricultural transition in 524 individuals from Tennessee, United 
States, but the mid-shaft cortical thickness was not. These findings suggest 
that other factors, for example physical activity or hidden heterogeneity 
(discussed in Chapter Three), which are environmentally related, play an 
 








important role in growth’s response. Variations in growth’s reaction to the 
conditions provide the researcher with a dynamic description of lifestyle 
changes, rather than just an insight into how subsistence strategies impact on 
skeletal growth (see Chapter Three).  
 
Other indicators of growth disturbances, such as dental defects of the enamel 
(DDEs), crown size, and skeletal and dental asymmetry, have been studied to 
a lesser extent than long bone length and cortical thickness. Yet, these 
indicators still provide important information about health changes across the 
agricultural transition (Bailit et al., 1970; Fearne and Brooke 1993; Goodman 
and Armelagos 1985a; Guagliardo 1982; Pinhasi and Meiklejohn 2011a; b). To 
a lesser extent, tooth crown size has also been examined across the 
agricultural transition (Benfer 1984; Kennedy 1984; Lukacs 2007; Perzigian 
1977; Pinhasi and Meiklejohn 2011b). For example, Pinhasi and Meiklejohn 
(2011b) examine changes in dental crown dimensions across the agricultural 
transition in Central Europe on a sample of 607 individuals representing the 
Early Upper Paleolithic to the Neolithic. Findings show that tooth crown sizes 
generally reduced with agriculture. Decreases in tooth crown size are 
attributed to the reduction of dietary protein, leading to the decrease in 
protein-based substances that are initially deposited, and subsequently 
mineralized, to form the crown (Larsen 1997: 44). These additional indicators 
of growth quality can be investigated collectively with long bone length and 
cortical thickness to gain a greater understanding of growth disturbances 
across the agricultural transition.  
 
1.3 Agriculture in South America and Northern Chile 
One of the most fascinating regions for the study agriculture and health is 
South America, because the time period between arrival of modern humans 
on this continent (ca. 14,000- 12,500 BP) and initial development of agriculture 
is one of the shortest in the world (Bryan 1973; Dillehay 2002; 2008; 2014; 
Jackson et al., 2007; Pearsall 2008). Early agricultural development and 
romanticised views of pristine practices where local environments were 
unaffected by agriculture initially captured researchers’ interests (Dillehay 
 








2008). Investigators have also been interested in the nature of local pressures 
across different ecological niches that may have pushed early populations to 
develop agriculture as they may have unique influences on early population 
health. These environments range considerably from the vast, unexploited 
Amazon Basin that could have sustained the hunter-gatherer lifestyle for a 
long time after agriculture was developed on this continent, to the arid, 
desolate Atacama Desert (Dillehay 2008). Early occupants of South America 
were at the mercy of irregular climatic patterns as the transition occurred 
from the colder, drier, Pleistocene to the warmer, wetter Holocene (Dillehay 
2008; Richerson 2001). These variations caused people to migrate, widen 
dietary breadths, or adopt semi-sedentary lifestyles close to abundant 
resources (Dillehay 2008). Populations in South America during the Late 
Pleistocene and Early Holocene lived as small, nomadic hunter-gatherer 
groups (Dillehay 2008). The Pleistocene was characterised by cold, dry 
climatic conditions and low atmospheric carbon dioxide levels making it 
unsuitable for agriculture (Richerson 2001). Warmer temperatures during the 
Holocene resulted in greater faunal diversity, resulting in semi-sedentary 
groups adopting seed exploitation and plant movement practices, which led 
to incipient agriculture (~10,000 years ago; Dillehay 2008; Piperno and 
Stothert 2003; Ranere et al., 2009; Stothert et al., 2003).  
 
Agriculture did not simultaneously arise across South America, although 
development of these practices in various locales reflects the origins and 
movement of modern cultivates throughout the region (see Figure 1.2 below; 
Pearsall 2008). In some areas, such as the foothills of Mexico and Ecuador, the 
spread of agriculture was rapid, while the transition to agriculture was slower 
in northern Chile’s Atacama Desert, and areas of Patagonia, by thousands of 
years (Jackson et al. 2007; Pearsall 2008). differences in the timing of 
agricultural development may also suggest that initial pressures, such as 
population size, thought to promote agriculture did not always do so, as 
populations may have responded to these pressures in different ways. In 
some regions, agriculture may have only been adopted because of strong 
external cultural influences rather than necessity (Dillehay 1999; 2008; Pearsall 
2008).  
 








 1.3.1 Agriculture in Northern Chile’s Pacific Coastal Valleys 
The region containing the Atacama Desert’s Pacific coastal valleys in northern 
Chile is important for testing the bioarchaeological model for agriculture and 
human health. This is because it is extremely arid, which is completely 
different to the environmental conditions of populations upon which the 
model is based. Settlement in these valleys occurred around ca. 10,000 BP, and 
early populations lived a maritime hunter-gathering lifestyle relying upon the 
Pacific Ocean for food (Arriaza 1995a; b; 2005). Intensification of the El Niño-
Southern Oscillation activity along the coastline during early occupation is 
theorised to have depleted marine resources forcing populations to adopt 
maize agriculture (ca. 3,500 BP; Arriaza 1995a; b; 2005; Sutter 2000).  
 
 
Figure 1.2: Regions of approximate origins of domesticated cultivates in South America (taken from 
Pearsall 2008: 126). 
 








Maize (Zea mays L.,) as a staple has its origins in Central America, suggesting 
that agricultural practices spread through the Andean highlands before being 
passed down to these coastal valleys during the Formative Period, when there 
was a heightened presence of highland cultures along the coastline (Pearsall 
2008; Rivera 1991; Sutter 2000). Archaeological evidence suggests maize 
appeared in these valleys around ca. 3,500 BP (Arriaza 1995a; b; Sutter 2000). 
Interestingly, populations remained in these valleys to practice agriculture 
when migration into the Andean highlands approximately 150 kilometres 
away to exploit new environments was an option. It is possible that these 
early populations attempted to remain in the coastal valleys to be close to the 
Pacific Ocean for future periods of abundance, by developing agriculture 
(Arriaza 1995a; b). If this was the case, and agriculture was a deliberate 
strategy to remain close to the ocean, it may have contributed to the extremely 
negative conditions these populations endured and any changes in physical 
health. This is because soil and water quality were poor for agricultural 
purposes, leading to very low maize yields (Strasser and Schlunegger 2005). 
Archaeological evidence also suggests that these agriculturalists continued to 
supplement their diet with marine foraging, possibly because complete 
reliance on maize was prevented by its poor quality (Arriaza 1995b; 
Dauelsberg 1985; Erices 1975; Holden and Nunez 1993; Korpisaari et al., 2014; 
Petruzzelli et al., 2012; Rivera 2008; Watson et al., 2010; 2013).  
 
Studies of parasitic load and diversity have also been carried out in this 
region (Arriaza et al., 2008a; 2010; Arujo et al., 2011; Poulson et al., 2013; 
Reinhard and Urban 2003; Santoro et al., 2003). For example, findings show 
that Archaic populations contained marine parasite loads from ingesting raw 
fish, which were absent from later archaeological phases because food was 
cooked (Aufderheide et al., 2002: 253). Terrestrial parasites, such as pinworm 
(Enterobius vermicularis), were present in human coprolites dated to the 
Formative and Middle Horizon Periods, which could have been contracted 
from eating domesticated animals (Santoro et al., 2003). Collectively, these 
cultural and environmental conditions may have negatively impacted on 
health across the agricultural transition. However, the environment was so 
extreme already, that the worsening of the environmental conditions with 
 








agriculture may not have been able to further negatively affect human health, 
specifically growth.  
 
The combination of arid conditions, vicinity of marine resources, proximity to 
Andean highlands with additional resources, and delayed development of 
agriculture in these valleys, make them important to the further testing of the 
theoretical model, and the wider discussion of pressures responsible for the 
development of agriculture (discussed further in Chapter Two). 
 
1.4 The Skeletal Sample Representing Prehistoric Northern Chile 
The skeletal sample studied for this thesis is housed at the Museo San Miguel 
de Azapa in the town of Arica, northern Chile (see Figure 1.3 below). The 
sample is derived from early populations that lived in the Azapa, Camarones, 
and Lluta Pacific coastal valleys in the Arica and Parinacota region of 
northern Chile. This sample has a well-documented cultural chronology 
comprising individuals from the hunter-gathering Chinchorro culture, and 
from later cultures representing incipient and intensive agriculture (Arriaza 
1995a; b; 2005; Rivera 1991; Standen et al., 1995; Sutter 2000).  
 
The Chinchorro culture is known for the earliest artificial mummification 
practices in the world that began with infants and young children, before 
extending the practice to include individuals of all ages during their later 
occupation of these coastal valleys (Arriaza 1995a; b). The mummification 
practices were also developed over several thousand years, starting with the 
simple black mummies (see Figure 1.4 below), followed by the more elaborate 
‘red’ and ‘bandaged’ mummies, and culminating with ‘complex’ mummies 
before the practice disappeared. These early social treatments of immature 
individuals garnered international interest from bioarchaeologists, leading to 
numerous publications in archaeology and bioarchaeology about these early 
populations (Arriaza 1995a; b; 2005; Rivera 1991; Standen et al. 1995; Sutter 













Figure 1.3: The town of Arica where the skeletal collection is housed also represents the geographical 
region these individuals lived in (taken from Beall 2016). The figure also shows the locations of the 
Azapa, Camarones, and Lluta Valleys where individuals from this skeletal collection lived (adapted 
from Swift et al., 2015 to include the map in the lower right-hand corner). 	
 
Later cultures from this region have also been studied but not to the same 
extent as the Chinchorro culture. Although artificial mummification practices 
disappeared with the Chinchorro culture, the warm, arid desert conditions 
allowed natural desiccation of the dead, which has resulted in a skeletal 
collection of well-preserved individuals representing all of the archaeological 
periods from this region. 
 
The population or chronology of cultures in northern Chile can be separated 
into three broad groups: Hunter-gathering, the agricultural transition, and 
Post-agricultural transition/agricultural intensification. The hunter-gathering 
group is characterised by the Chinchorro culture. These early semi-sedentary 
 








hunter-gatherers relied heavily on the Pacific Ocean for subsistence (ca. 
10,000- 3,500 BP; Arriaza 1995a, b). The agricultural transition period within 
this region is defined by multiple cultures that were present during the 
Formative Period (ca. 3,500 – 1,500 BP). Cultures during this period did 
continue to exploit marine resources, although there is evidence of seed 
cultivation at many of the sites. Later sites within this period also represent 
basic farming villages (Arriaza 1988; Arriaza 1995a; Sutter 2006). The post-
agricultural/agricultural transition is represented by the Middle Horizon, 
Late Intermediate, and Late Periods (ca. 1,500- 450 BP). These periods are 
characterised by significant social development and external influences from 
highland cultures (Rivera 2008; Sutter 2000; 2006). Mixed agro-pastoral-
maritime subsistence, irrigation systems, intensified trade with altiplanic 
cultures, and larger settlements characterise this group (Augustynbiak 2004; 
Browman 1978; Hastorf 2008). These periods are also likely to have 
experienced stratified social hierarchies as well that were likely to have 
developed with the significant cultural changes associated with agricultural 
intensification (Arriaza 1988; Arriaza 1995a; Sutter 2006). 
 
Current literature in archaeology is especially useful for health interpretations 
in this thesis as it shows a well-established cultural chronology, dietary 
practices based on archaeobotanical findings, environmental changes, and 
evidence for highland occupation in these valleys (discussed further in 
Chapter Two; Arriaza 1995a; b; Rivera 1991; Standen et al., 1995; Sutter 2000). 
However, there are a couple of limitations to studying this collection that do 
need to be discussed such as the presence of soft tissues. Many of the 
individuals are artificially or naturally preserved and are understandably 
important to the national heritage of Chile (see Figure 1.4), preventing their 
examination, as measurements could be destructive. Consequently, this 
research is limited to a smaller sample of the individuals that were ‘autopsied’ 
by early researchers, which involved the removal of the soft tissues so that the 
skeletons could be studied. Radiocarbon dating (14C) of burial sites is also 
problematic and its inaccuracies and implications for this research will be 
discussed in Chapter Four. 
 









Figure 1.4: Top panel: the mummy of a child in the Chinchorro’s ‘black’ tradition of artificial 
mummification where magnesium oxide is used to paint the clay mask on the face. This mummy is 
taken from the Camarones Valley dated around ca. 7,050 BP (SEN Team 2016). Bottom panel:  an 
infant mummy in the Chinchorro’s ‘black’ tradition dated between ca. 8,000 and 4,000 BP (Museo 
Chileno de Arte Precolombino 2016). 
 
1.5 Thesis Aim 
The main aim of this research is to investigate whether there is a significant 
disturbance of skeletal and dental growth in immature individuals with 
agricultural development in this prehistoric skeletal sample from northern 
Chile. 
 
 This study is important to literature surrounding the bioarchaeological model 
because it directly tests the model. Many of the studies used to develop the 
 








model were from North America or Europe, which arguably consisted of very 
similar environmental conditions. This study aims to investigated the 
development of agriculture in an environment that is completely averse to the 
development of agricultural subsistence practices. The Atacama Desert is 
highly unsuitable for such subsistence practices, which directly tests the 
model for health deterioration with agriculture. If findings from this study 
support the model, then it will support the global applicability of the model. 
However, previous studies from South America (Benfer 1984, 1990; Ubelaker 
1984) have not supported the model. These contradictory findings may be 
directly attributed to the subsistence change, for example, what they were 
eating before the agriculture transition and what plants they relied upon with 
agriculture. Another important influence lies with the social and technological 
changes in the region, which may have played an important role in the health 
changes seen in the region. Therefore, this study will provide insight into how 
social, technological, and subsistence changes shaped human health in the 
Atacama Desert, through studies of skeletal growth and development. These 
findings will be important in discussions on global and regional applicability 
of the model for health with the development of agriculture. 
 
1.6 Hypotheses 
To examine if there were any changes in physical health, data on skeletal and 
dental growth was collected to prove or disprove two null hypotheses. The 
expectation is to see a deterioration of health across the agricultural transition 
in these Pacific coastal valleys. This is because populations were subject to 
extreme conditions, worsened by the introduction of poor quality maize 
agriculture. It is possible that conditions were already so poor growth would 
not be further disturbed by these agricultural practices. However, studies of 
oral health indicate deterioration with agriculture, suggesting some aspects of 
health prove the model. Consequently, these hypotheses have been created to 
reflect predictions of the bioarchaeological model for expected, negative 
changes in physical health with both the development and intensification of 
agricultural practices (Cohen and Armelagos, 1984): 
 
 








Hypothesis One (H1): is for a greater negative impact on growth with the 
development of agriculture, manifesting as a delay in linear growth, skeletal 
development and maturation, and a decrease in overall tooth crown size. 
Higher levels of physiological stress in the post-agricultural populations may 
have also caused a significant increase in the fluctuating asymmetry in tooth 
crown size of the posterior deciduous and permanent dentition, and in the 
growth of long bones. 
 
Hypothesis Two (H2): is that social practices necessary for the intensification 
of agriculture would lead to a greater health deterioration when compared to 
the transition to agriculture. These findings would manifest through greater 
delays in linear growth, skeletal development and maturation, decrease in 
overall tooth crown size, greater instances of fluctuating tooth crown size and 
long bone length.  
 
1.7 Objectives and Methods 
To investigate the hypotheses for this thesis, four objectives will be met, with 
specific methods, as follows:  
  
• To obtain biological ages for all of the individuals. Radiographs of 
dentition to assess mineralization progress will be completed to meet 
this objective. 
• To assess changes in crown size and asymmetry over time. Three 
measurements of all posterior dental crowns will be carried out for this 
objective. 
• To investigate potential growth disturbances over time. Measurements 
of the diaphyseal lengths and mid-shaft diaphyseal widths of long 
bones for all individuals will be recorded. The prevalence and types of 
dental enamel defects for all of the individuals will also be recorded to 
meet this objective. 
• To assess developmental progress of all skeletal and dental elements 
that act as indicators of adolescent growth progress where available. 
 








This will be done by recording stages of development for these specific 
elements.  
• To assess dental enamel defects from the deciduous and permanent 
dentition. This will be done by identifying the defect and its distance 


























Chapter Two: Agriculture, Climate Change, and Health 
	
 




Chapter 2: Agriculture, Climate Change, and Human Health in 
Pre-Hispanic Samples from Coastal Northern Chile 
 
“It is human plasticity or adaptation to environmental changes and subsequent cultural, 
economic, and political accomplishments that make the study of ancient human beings a 
fascinating mystery to unravel.” 
B.T. Arriaza 
(Beyond Death: The Chinchorro Mummies of Ancient Chile, 1995b: 159) 
 
2.0 Agriculture and Health in Northern Chile’s Coastal Valleys  
As discussed in Chapter One, research shows that the development of 
agriculture led to a deterioration in physical health throughout many parts of 
the world. Consequently, a model predicting this health deterioration with 
agriculture was created (Cohen and Armelagos 1984). However, some studies 
from South America contradict these findings, reporting sustained levels of 
certain health measures, making this continent important for the further 
testing of the model (Benfer 1984; 1990). The wide range of different 
environments, from the Andean highlands, to the Amazon Basin, to the 
Atacama Desert make such a region vital for investigations of this model. 
Archaeological evidence suggests maize-based agriculture has been practiced 
in the Pacific coastal valleys of northern Chile’s Atacama Desert since ca. 3,500 
BP, although high levels of boron in the soil (≥40mg/litre) and heavy metals in 
the water are unsuitable for maize cultivation (see Figure 2.1 below; Arriaza 
1995a; b; Alfonso et al., 2007; Rivera 1991; Strasser and Schlunegger 2005; 
Sutter 2000; Watson et al., 2010; 2013). For example, Strasser and Schlunegger 
(2005) show that germination of normal maize (Zea mays L.) ranges from poor 
to complete failure in the Lluta Valley. Modern agricultural practices in these 
valleys (see Figure 2.2 below) involves a special strain of sweet corn species 
(Zea mays L. amylacea) that has been carefully selected to grow well in a high 
boron-content soils (Strasser and Schlunegger 2005). The heavy metals are 
also removed from the water, which has drastically improved conditions 
(Bastias et al., 2004; Ugalde and Goykovic 2015). Historical agriculture would 
have been negatively affected by these highly saline conditions, resulting in 
poor crop quality and low yield, with implications for dietary breadth, value, 
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and ultimately population health. Despite these findings, historical accounts 
suggest the Lluta Valley was a centre for maize production under the Incan 
empire (Santoro 2003; Rivera 1991).  
 
Oral health indicators are the only measure of health quality that have been 
investigated across the agricultural transition in these prehistoric populations 
from the Azapa, Camarones, and Lluta Valleys (Alfonso et al., 2007; Watson et 
al., 2010; 2013). Alfonso et al. (2007) examined ante-mortem tooth loss 
(AMTL), dental wear, alveolar resorption, abscesses, caries, and enamel 
hypoplasia frequency in 526 individuals representing the hunter-gathering 
(Archaic), agricultural transition (Formative), and the early agricultural 
intensification (Middle Horizon) phases. Dental health deteriorated with the 
transition to, and intensification of, agriculture, evidenced from higher 
percentages of caries, and AMTL, caused by soft sugary foods sticking to the 
tooth surfaces (Alfonso et al., 2007: 127). The enamel hypoplasia frequency 
increased, suggesting elevated stress levels in the agriculturalists, while 
dental wear patterns imply a greater dependence upon softer foods coupled 
with preparation techniques, such as cooking (Alfonso et al., 2007: 127).  
 
Watson and colleagues (2010; 2013) studied oral health in 200 individuals 
from coastal and valley sites representing the transition to agriculture 
(Formative Period). Watson et al. (2010) reports a caries frequency of 11.6% 
and AMTL of 11.6%, higher than those in other groups with mixed 
subsistence practices, indicating poorer health in northern Chile. This study 
also found lower caries and AMTL rates in coastal compared with valley sites, 
suggesting valley groups had a greater reliance on agriculture. Watson et al. 
(2013) investigated attrition rate in this sample representing the transition to 
agriculture (Formative Period), identifying two wear patterns, indicating a 
greater maritime reliance at coastal sites compared to valley locations. 
Further, early populations during this phase appear to have had a greater 
maritime reliance than later populations in valley locations. 
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Figure 2.1: A maize cob recovered from the burial of Individual S/N1 at the Azapa-8 site, representing 
the Gentilar culture occupation from the period of agricultural intensification (Late Intermediate ca. 
968-602 BP: Cassman 1997; Author’s work, 2016). 
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These studies collectively indicate that oral health deteriorated across the 
agricultural transition in the coastal valleys, especially deeper in the valleys 
where there was a greater dependence on agriculture (Watson et al., 2010; 
2013). However, oral health is multi-factorial and it is possible that other 
factors, such as biological age disparities between samples, may have 
contributed to these findings rather than just changes in subsistence practices 
(Watson et al., 2013. Research of various components of health, for example, 
through measurements of growth and assessments of physiological stress 
markers, is necessary to test the model for agriculture and physical health.  
 
There are various measures of health that could be studied for the purpose of 
this thesis, including pathologies, such as evidence of joint degeneration, and 
deficiency-related skeletal changes, including anaemia that would be linked 
directly to subsistence changes and social role development. Growth was 
chosen because, as established in Chapter One, it is important as it enables 
changes in health at both individual and population levels to be discussed. 
Poor growth quality has been linked to long-term health effects on aspects of 
adult health such as fertility and productivity (discussed further in Chapter 
Three; Bogin and Loucky 1997; Otten et al., 2015). Growth has not yet been 
studied as a proxy for health across the agricultural transition in these coastal 
valleys of northern Chile. Accordingly, this chapter focuses on geographic, 
paleoclimate, and cultural changes that led to the development of agriculture, 
while affecting crop yields, dietary breadth, and potentially human health.  
 
2.1 The Biocultural Study of Stress and Health in Bioarchaeology 
Studies of stress and health have been central to bioarchaeology for the last 
forty years (Temple and Goodman 2014). Bioarchaeologists assess the quality 
of past environments by studying human health, which is directly affected by 
living conditions (Goodman et al., 1984a). This is done through investigations 
of stress markers, including pathological lesions, and non-specific markers, 
for example, growth disturbances (Armelagos et al., 1969; Bielicki and Weldon 
1982; Goodman et al., 1984a). Bones and teeth provide a direct link to past 
environments, so stress markers provide information on environmental 
quality and human health (Goodman et al., 1984a). Early in the theoretical 
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development of bioarchaeology, Huss-Ashmore and colleagues (1982: 397) 
defined stress as, “any perturbation that disrupts the physiological balance of an 
individual in a specific and empirically observable way.” Following this, and other 
work, Goodman and colleagues (1984a) developed a physiological stress 
model that became key to interpretations of health. The model (see Figure 2.3 
below) suggests how the inter-related nature of environmental factors, 
cultural practices, and host resistance may affect an individual’s physiological 
stress levels, their ability to adapt to environmental changes, prevalence of 
specific and non-specific stress markers, and ultimately, their physical health 
(Goodman et al., 1984a). Around the time that this model was developed, 
Armelagos and Cohen (1984) held their landmark symposium, establishing 
the model for agriculture and health. Importantly, interpretations of health 
with the development of agriculture at this time were reflective of an early, 
somewhat simplistic, understanding of the relationship between stress and 
human health (Temple and Goodman 2014; Wilson et al., 2014). 
 
Constant reviews of the concept of stress in bioarchaeology has resulted in 
two modifications of the stress model (Goodman et al., 1988; Goodman and 
Armelagos 1989). Detailed discussions on forms of stress have also occurred, 
for example, psychological, climatic, disease, and nutritional stress have been 
recognised to affect health (Temple and Goodman 2014; Schneiderman et al. 
2005). This conceptual evolution of stress has led to wide-ranging discussions 
on interpreting health in bioarchaeology. It has been acknowledged that a 
linear relationship, once thought to exist between stress and health, is not 
often present (Klaus 2014; Klaus and Tam 2009; Temple and Goodman 2014). 
Because bones and teeth are directly connected to past environments, and 
stress markers in these elements provide information about how living 
conditions affected health. Yet, caution is necessary when interpreting health 
from skeletal samples (Reitsema and Mcllvaine 2014). The osteological 
paradox has been key in this respect, initiating an evolution in how 
bioarchaeologists interpret health from skeletal samples (DeWitte and 
Stojanowski 2015; Wood et al., 1992; Siek 2013; Wright and Yoder 2003). As 
discussed in Chapter One, the prevalence of pathological lesions does not 
necessarily mean poor health as was initially interpreted (Klaus 2014).  
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Figure 2.3: The stress model shown has been adapted from Goodman and Armelagos (1989) illustrates factors that influence physiological stress levels in past populations. 
Environmental constraints or benefits elicit human responses that either buffer or induce stressors in the human individual. Host resistance to stress is affected by genetic, 
nutritional, and biological age characteristics that result in a wide variety of responses in the bones and teeth that bioarchaeologists may analyse. These indicators may be 
separated into cumulative (general) and episodic stress indicators (examples of each type of stress indicator are provided). The impact of physiological stress on populations is 
indicated in the final box on the right-hand side (adapted to include cumulative and episodic stress indicators by Mr. Robbie McPhee, University of Otago 2016).
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High numbers of pathological lesions can actually be indicative of good 
health (Wood et al., 1992). These complex findings for health have led to a 
strong emphasis across bioarchaeology on the importance of context and 
multi-disciplinary collaborations for findings of health (Klaus 2014). Recently, 
a 2014 issue of the American Journal of Physical Anthropology was dedicated 
to the relationship between stress and health, with contributions from 
bioarchaeologists, molecular anthropologists, primatologists, and human 
biologists (Klaus 2014; Kinelly 2014; Piperata et al., 2014; Reitsema and 
Mcllvaine 2014; Tanner et al. 2014; Temple 2014; Temple and Goodman 2014; 
Vercellotti 2014; Wilson 2014). Research in this issue (2014) from different 
disciplines were notable, highlighting examples when correlations between 
the stress indicators and health was contradictory (Temple and Goodman 
2014; Piperata et al., 2014; Vercellotti 2014). This research also described 
current and novel factors that are being discussed as influences on the 
relationship between stress and health, such as epigenetic mechanisms 
(discussed further in Chapter Three; Klaus 2014; Kinelly 2014; Piperata et al., 
2014; Reitsema and Mcllvaine 2014; Tanner et al. 2014; Temple and Goodman 
2014; Vercellotti 2014; Wilson 2014). Importantly, the necessity of an 
integrated approach to health interpretations was highlighted, emphasising 
the value of context for interpreting findings.  
 
This chapter and Chapter Three discuss factors affecting physiological stress 
as identified by Goodman et al. (1984a; 1988; 1989). The environmental and 
cultural aspects of the model are examined in this chapter with a focus on the 
coastal valleys of northern Chile. The natural environment can directly or 
indirectly affect population health. For example, a local pathogen reservoir 
will have an immediate and negative impact on health as the parasites 
remove nutrients from the host (Goodman et al., 1984a; 1888). Indirect 
environmental influences include the abundance of local resources, which 
affect a population’s success in adapting to their environment by eliciting 
cultural responses, such as the development of new subsistence strategies 
(Goodman et al., 1984a; 1988). These cultural responses may buffer local 
populations against extreme conditions, for example, agricultural 
development would prevent starvation in regions where local resources are 








dwindling (Goodman et al., 1984; 1988). Yet, these practices may introduce 
nutritional stress through a greater dependence upon plant carbohydrates, for 
example, weakening immune systems and reducing the ability to fight 
infection and disease (Cohen and Armelagos 1984; Goodman et al., 1984a; 
Goodman and Armelagos 1989). Often, poor health conditions, such as 
malnutrition, lead to greater levels of physiological stress and development of 
stress markers that can then be used to investigate the quality of past 
environmental conditions. However, the relationship between the 
manifestation of physiological stress indicators is usually indirect, which has 
implications for how stress indicators may be used to interpret health in the 
past (Temple and Goodman 2014). Host resistance, epigenetic mechanisms, 
and physical manifestations of stress, as well as social factors are discussed in 
Chapter Three, with a view to using growth as a proxy for physical health.  
 
 2.1.1 Climate Change, Human Response, and Vulnerability  
Human responses to climate change through the development of agriculture 
(ca. 3,500 BP) led to the deterioration of oral health, a proxy for overall health, 
in samples representing early pre-Hispanic populations from northern Chile 
(Alfonso et al., 2007; Watson et al., 2010; 2013). Yet, the implications of this 
transition on other aspects of health, such as growth, for these inhabitants are 
still unknown. As previously mentioned, health is affected directly and 
indirectly by climatic transitions that alter weather patterns and 
environmental conditions. These environmental changes in turn affect 
pathogen occurrence and resource availability, eliciting human responses 
(Brown 1994; Comrie 2007; Epstein 2005; Haines and Parry 1993; McMichael et 
al. 2011; Paulsen 1976). Factors directly reducing food availability are the most 
influential, causing populations to respond in predictable ways, for example, 
through migration to new locales in search of food, or development of new 
subsistence strategies (McMichael et al. 2011). These cultural responses to 
environmental modifications are identifiable in the archaeological record 
making it possible to investigate the nature of past landscapes, helping 
researchers to develop hypotheses regarding factors that caused health 
changes to occur (Sandweiss et al., 2007).  
 








Climatic change may be separated into long-term, medium, and short-term 
categories with associated periods of influence (McMichael et al.  2011). Long-
term climate shifts have the most dramatic impact, destabilising regions, and 
influencing the decline of empires through the sustained reduction of food 
availability or making conditions more suitable for different flora and fauna 
resources (McMichael et al. 2011; Sandweiss et al., 2007; Zhang et al., 2011). For 
example, the warming conditions during the transition from Pleistocene to 
Holocene led to a greater flora and fauna diversity, making agriculture 
possible in global domestication centres (Zhang et al., 2011). The El- Niño 
Southern Oscillation (ENSO) activity is also an example of both long-term and 
short-term climatic shifts that may have caused the reduction of marine 
species along the coastline of northern Chile and southern Peru. This climatic 
development may have also led these coastal populations to develop 
agriculture in response to the depletion of local marine resources (Sandweiss 
et al., 2001; Zhang et al., 2014). The ENSO is a naturally occurring global 
climate cycle that can be divided into two phases: The El-Niño and La Niña. 
During the El-Niño phase, which occurs every two to seven years, easterly 
winds passing over the Pacific Ocean are slowed. The disruption of these 
winds leads to the reduction of the Humboldt Current’s strength and 
consequently, the decreased upwelling of nutrient-filled colder waters 
(Christie et al., 2009; Kovats 2000; Rein et al., 2005; Trentberth 1997).  
 
The La Niña is the extreme opposite of the El-Niño, characterised by colder 
sea surface temperatures, and does not cause these major climatic disruptions 
(Christie et al., 2009; Kovats 2000; Rein et al., 2005; Trentberth 1997). Generally, 
because the ENSO is a climatic cycle that has been occurring in its current 
intensity since ca. 3,500 BP, it can be considered a long-term climatic shift 
(Zhang et al., 2014). However, it can also be considered a short-term (multi-
year) climatic change because these disruptive El-Niño periods, lasting for 
several years, have been linked to global episodes of drought, famine, and 
pathogen epidemics that have a significant impact on human health. (Christie 
et al., 2009; Kovats 2000; Rein et al., 2005; Trentberth 1997). Medium-term 
effects are less severe and populations are more likely to adapt to new 
conditions (McMichael et al. 2011). Therefore, depending on the length and 








nature of climatic developments, they may have direct (famine, drought) and 
indirect (pathogen prevalence, new subsistence practices) repercussions for 
human health (McMichael et al. 2011; DeMenocal 2001).  
 
Climatic influences on human health may be separated into ‘natural factors,’ 
and ‘social responses,’ and ‘vulnerability’ factors. ‘Natural’ stimuli include 
environmental changes, such as the depletion of marine resources, with the 
ENSO, and ‘social responses’ consist of human reactions to these changes, 
including migration, new subsistence practices such as agriculture, increased 
trade with other groups, or higher rates of violence (An et al., 2005; Mercuri et 
al., 2011; Moore 1991; Nicoll 2004; Orlove 2005; Zhang et al., 2011; Zori and 
Brant 2012). Natural influences are well understood in the literature, yet it is 
difficult to determine whether negative climate changes were responsible for 
certain cultural shifts in the past, such as the development of agriculture, 
because some human responses can be ambiguous. For example, droughts 
reducing local food resources force populations to migrate or abandon 
hunting grounds (Dillehay 2002; McMichael et al. 2011). Conversely, optimal 
conditions leading to population growth also cause competition for resources, 
resulting in migration. Finally, ‘vulnerability,’ specifically genetic and 
demographic characteristics, may affect a population’s ability to adapt to 
environmental changes (Comrie 2007; Haines and Parry 1993). Haines and 
Parry (1993) suggest that individuals between childhood and early adulthood 
adapt to new environments easily because the ability to adapt is linked to 
biological age. Comrie (2007) expands on the theory, proposing that 
numerous factors affect population vulnerability, including social practices, 
adaptive capacity, such as the average age of the population, immune 
strength, and nutritional status (see Figure 2.4 below).  
 
Biological factors, including population size and density, and social 
responses, such as new subsistence strategies, settlement patterns, trade, and 
violence, in response to climatic shifts are predictable and visible in the 
archaeological record (An et al., 2005; Paulsen 1976; Sandweiss et al., 2007). 
South America offers an ideal niche to investigate the effects of on human 








health due to the Andean highlands containing a diverse range of 
environments for the development of agriculture.  
 
Previous archaeological research undertaken in the coastal valleys of northern 
Chile has suggested that the mounting strength of the ENSO was a causative 
factor in the adoption of agriculture (Arriaza 1995a; b). It is hypothesised that 
the increasing intensity of the ENSO in this region led to the dwindling of 




Figure 2.4: Negative climatic changes lead to poor bio-productivity of both marine and terrestrial 
resources, resulting in less food availability for local populations. The reduced food availability is 
associated with social disturbances that affect agricultural production in the following years, for 
example, causing a negative feedback loop (adapted from Zhang et al., 2011 to include arrows from 
‘nutritional status’ to ‘population size,’ ‘social disturbances’ to ‘migration,’ and ‘war’ to ‘epidemics’ by 
Mr. Robert McPhee. Original subheadings in some of these boxes were also removed because they 
simply reiterated the heading itself).  
 








Agricultural development in this region was problematic. Modern evidence 
suggests these agricultural practices were adversely affected by the highly 
saline soil and poor water quality, leading to low crop yields (Strasser and 
Schlunegger 2004). These smaller crops of poor quality and reduced 
availability may have significantly impacted on the physical health of local 
populations (Cohen and Armelagos 1984). Despite these historic challenges, 
agriculture is still a major contributor to subsistence in these valleys today. 
Archaeological evidence suggests the transition in this valley to agriculture 
was not ‘pure,’ as predicted by the theoretical model (Poulson et al., 2013; 
Santoro et al., 2003). Instead, agriculturalists supplemented the diet with 
marine foraging (Poulson et al., 2013; Santoro et al., 2003). These deductions 
are based on evidence, such as canid and rodent remains (see Figures 2.5 and 
2.6 below), and mollusc shells recovered from sites representing the 
agricultural transition (Formative). The continued marine reliance by these 
agricultural populations makes them an interesting case study for the further 
testing of the bioarchaeological model for human health and agriculture. This 
continued marine reliance also complicates this testing of the model. Perhaps 
the suitability of this region for the testing involves examining it from a more 
realistic perspective, as a complete reliance on plant carbohydrates as 
predicted by the model is unrealistic. This is particularly true if abundant 
resources, such as those of the Pacific Ocean, are in close proximity and can be 
exploited to supplement agriculture.  
 
This research will test the theoretical model in these harsh, marginalised 
conditions to understand how agriculture affected growth and development.   
 
The relatively close geographical proximity of highland cultures may have 
also influenced the timing and development of agriculture in these coastal 
valleys. Highland populations exploited diverse ecological niches, leading to 
the rapid development of agriculture (Bryan 1973; Dillehay 2002; 2008; 2014; 
Jackson et al., 2007; Pearsall 2008). This led to the proposal of an alternative 
theory for agricultural development in the valleys, where increasing ENSO 
activity in the region caused droughts in the highlands, forcing populations to 
migrate to the coast in search of new resources (Arriaza 1995a; b; Rivera 1991; 








Sutter 2000). Although evidence suggests contact between the regions prior to 
agricultural development, it is thought that the greater presence of these 
populations along the coast was key to the introduction of agriculture 
(Arriaza 1995a; Rivera 1991; Sutter 2000; Watson et al., 2010; 2013). These 
highland populations introduced agriculture along with new social practices, 
including burial techniques, food preparation, and pottery (Rivera 1991; 
Sutter 2000). As migration of highland people may have been a key factor in 
the adoption of agriculture, geographical locations of archaeological sites, and 
resources traded with highland cultures also require consideration. 
Particularly, when assessing dietary breadth and human health of these 
coastal populations.  
 
2.2 The Geography and Paleoclimate in Northern Chile 
Modern northern Chile (see Figure 2.7 below) extends from the northern 
(Chile-Peru boundary, 17°S) to the southern Copiapó River (27°S), bound by 
the eastern Andean mountains, and the western Pacific Ocean (Encyclopaedia 
Britannica 2015a; Hastenrath and Kutzbach 1985). The regional terrain can be 
separated into three north-south zones: The Pacific coastal mountains and 
valleys, an intermediate plateau or depression, and the Andean mountains 
(see Figure 2.7 below; Encyclopaedia Britannica 2015a, Latorre et al., 2013; 
Standen et al., 1995). The depression contains scattered valleys originating in 
the Andean foothills that cut through the coastal mountain range to open at 
the Pacific Ocean (Encyclopaedia Britannica 2015a; Rivera 1991). Annual 
temperatures range between 14°C and 20.5°C, while rainfall has been minimal 
over the coast and intermediate plateau for millions of years, inducing the 
Atacama Desert’s hyper-arid conditions (Encyclopaedia Britannica 2015a). 
Fog develops over the Pacific Ocean and moves inland producing moisture 
that sustains small shrubs and cacti growing in these coastal mountains 
(Encyclopaedia Britannica 2015a). In the Chilean-Bolivian Andes, rainfall 
averages four to eight inches annually, supplying rivers that pass through the 
Atacama Desert between the Andean foothills and the Pacific coastline 
(Encyclopaedia Britannica 2015a; Strasser and Schlunegger 2005; Standen et 
al., 1995). This fresh water availability is seasonal with the exception of the 








Camarones and Lluta Rivers, which are fed annually by snowmelt from the 
high Andes.  
 
2.2.1 Important Geographical Regions in Northern Chile 
Despite the arid conditions of northern Chile, early pre-Hispanic populations 
lived in the coastal valleys from ca. 10,000 to 450 BP (Arriaza 1995a; b; Rivera 
1991; Sutter 2000). The first inhabitants of the region likely migrated to the 
Pacific coastline from the altiplano, a plateau in the Bolivian part of the 
Andean highlands (Encyclopaedia Britannica 2015a; Erickson 1988). 
Archaeological evidence including skin from highland bird species and plant 
seeds suggests continued contact between the regions during the pre-
Hispanic occupation of these coastal valleys (Allison et al., 1984; Castro 2014; 
Sepúlveda et al., 2013). 
 
Highland influences intensified over time during valley occupation and was 
responsible for the introduction of maize-based agriculture and trade between 
the coastal and highland regions (Castro 2014; Pearsall 2008; Sandweiss and 
Richardson 2008). Paleoclimate changes influenced local resource availability 
in these valleys, making it an important consideration in the context of 
cultural development and the impact on human health. Genetic isolation, and 
the potential impact on growth rates and patterns, in the valley populations 
was also theoretically prevented by this continued contact between the 
regions, (Moraga et al., 2005; Sutter 2006; Rothhammer et al., 2002). However, 
the effects of small breeding populations do need to be considered (see below 
in Section 2.4.1). These findings for genetic continuity are important for this 














Figure 2.5: The remains of a canid's paw recovered from the Azapa-6 site representing the Cabuza 
culture from the early agricultural intensification period (Middle Horizon, ca. 970-660 BP: Korpisaari 
et al., 2014; Author's own work 2016). 
 
 
Figure 2.6: Rodent skull retrieved from the Azapa-8 burial site representing the Gentilar culture from 
the middle phase of agricultural intensification (Late Intermediate, ca. 968-602 BP: Cassman 1997; 
Author's own work 2016).	









Figure 2.7: The Andean Mountain Range with eastern and western cordilleras are shown with 
associated changes in elevation (meters above sea level). Adapted to include the small South American 
map in the right corner (adapted from Perez and Horton 2014: 1820).  
 
2.2.1.1 The Andean Highlands  
The Andean highlands span 5,500 miles of South America’s western coastline 
and contain various ecological niches important to agricultural development 
on this continent (Dillehay 2008). The Andes consist of mountain ranges and 
plateaus, including the eastern and western cordilleras, running in the north-
south direction (Encyclopaedia Britannica 2015a; Pearsall 2008; Sandweiss and 
Richardson 2008). Around 18°S the western cordillera slopes gently towards 
northern Chile’s Atacama Desert (Encyclopaedia Britannica 2015a). In Bolivia 
at 22°S, the eastern range extends eastward forming the altiplano. The altiplano 
is one of the largest highland plateaus, being 500 miles long and 80 miles wide 








(Erickson 1988). The altiplano is also considered South America’s pre-Hispanic 
cultural centre as the populations here exerted strong influences across the 
continent, including northern Chile’s Pacific coastal region (Arriaza 1995b; 
Rivera 1991; Sutter 2006).  
 
The array of microclimates, forests, and basins in these mountains, coupled 
with warmer conditions during the Holocene led to the domestication of 
native faunal species, such as the potato (Solanum tuberosum), quinoa 
(Chenopodium quinoa), and squash (Cucurbita spp.; Pearsall 2008). Other 
domesticates, such as maize (Zea mays L.), were adopted from Mesoamerica, 
and brought down into South America, where their use was spread through 
the Andean highland groups before reaching outlying regions. Consequently, 
early agriculture in the Pacific coastal valleys involved a mixture of Andean 
and Mesoamerican domesticates, such as maize (Sandweiss and Richardson 
2008; Pearsall 2008). Wildlife, including rodents (Chinchilla laniger, Lagidum 
visaccacia, Lagidum peruanum, Cavia porcellus), deer (Hippocamelus bisulcus), and 
camelids (Vicugna vicugna, Lama glama, Lama guanicoe, Vicugna pacos) were 
food resources for early people (Britannica 2015a; Sandweiss and Richardson 
2008; Pearsall 2008). Various bird species live in the Andes, including gulls 
(Larus spp.), ducks (Podiceps spp., Merganetta armata), coots (Fulica spp.), 
flamingos, and partridges. Fish species such as killfish (Orestias cuvieri), and 
catfish (Triomycterus areolatus) are also present (Encyclopaedia Britannica 
2015a; Sandweiss and Richardson 2008; Pearsall 2008). 
 
2.2.1.2 The Pacific Ocean and Coastal Valleys in Northern Chile 
The Pacific coastal valleys of northern Chile are sparsely distributed along the 
arid coastline, and contain rivers that originate in the Andean foothills 
approximately 150km away (see Figures 2.8, 2.9, and 2.10 below; Arriaza et al., 
2014a; Encyclopaedia Britannica 2015b; Standen et al., 1995; Stanish 1992). The 
Andean origins of these rivers provided freshwater corridors that indigenous 
populations used to transverse between the highlands and coastline, playing 
an important role in cultural development between the populations (Arriaza 
1995b).  
 








The coastal valleys may also be separated into two regions: the coastal area 
extending two kilometres inland from the ocean, and the remaining valley 
that extends to the Andean foothills. This geographical division is used in this 
thesis to separate archaeological sites into coastal vs. valley locations (as per 
Standen et al., 1995; Watson et al., 2010; 2013). The changing terrain in these 
valleys also encompasses a variety of habitats, containing different flora and 
fauna species that early human populations exploited (see Figure 2.11 below; 
Stanish 1992). There are “Tillandsia lomas,” forests of Tillandsia spp., a large 
shrub, which grows along the coastlines between 200 and 800 meters above 
sea level (masl), receiving water from the ocean’s fog (Pinto et al., 2006). Other 
flora species include lichens (Menegazzia chrysogaster), mosses (Bryophyta spp., 
Physalis spp.), and cacti (Copiapoa spp.,) (Engel and Kuwahara, 1973). 
Terrestrial fauna includes foxes (Pseudalopex culpaeus), rodents (Viscacha spp.), 
camelids (Vicugna vicugna, Lama guanicoe), and bats (Myotis atacamensis, M. 
chilensis; Guillen 1992).  
 
Coastal lagoons, present before modern agriculture and the use of pumps to 
remove water from the rivers, were home to estuarine birds, fish, reeds 
(Scirpus spp.), shrimp (Cryphiops caementarius), and ~18 plant species (Bacharis 
petiolata, Distichkis spicta, Scypus spp., among others; see Figures 2.11 and 2.12 
below; Arriaza et al., 2001; 2008a; b; Stanish 1992). These coastal valley 
environments are also highly variable in terms of ecological resource 
diversity, availability and types of ecological resources, water quality, and 
suitability for agriculture (Strasser and Schlunegger 2005; Standen et al., 1995).  
 









Figure 2.8: The relationship between the Pacific coastal valleys of northern Chile is shown. Rio Lluta 
(Lluta River) demarcates the Quebrada Lluta (Quebrada abrev. Qba is valley in Spanish). The 
Azapa the Camarones Valleys are approximately 100 miles apart, separated by the Higuera and Caleta 
Vitor Valleys. The modern cities of Arica and Pisagua are also demarcated on the map. The Lluta 
Valley is 10 miles north of Arica, which sits at the ocean mouth of the Azapa valley. The grey scale 
indicates changes in altitude between the coast on the left-hand side and the Andean highlands on the 
right (adapted from Pinto et al. 2006: 547 to include the map in the upper right corner).  
 
 
Figure 2. 9: Changes in meters above sea level between the Pacific Ocean and the Azapa Valley in the 
west to the altiplano and Andes in the East (adapted from Standen et al., 1995: 103 to include colour). 









Figure 2.10: The Camarones Valley close to the Pacific Ocean contains the Camarones river, which has 
some of the highest levels of arsenic and lead in the region, making this valley an extreme environment 
to live in (taken from Hudepohl 2017).  
 
This study focuses on three coastal valleys in the Atacama Desert: The Azapa 
(18°30’S 70°30’W), Camarones (19°30’S 70°30’W), and Lluta (18°25’S 70°07’W) 
Valleys (Taylor and Berger 1976). Soil in these valleys, particularly the Lluta 
Valley, has an elevated Boron content (≥40 mg/litre), making it highly saline 
and poorly suited for maize agriculture (Strasser and Schlunegger 2005). 
Water quality also varies between these valleys with repercussions for the 
agricultural yields and health of occupants (Rothhammer 1990). The 
Camarones river is historically the most important water source in the coastal 
region of northern Chile (Figueiredo et al., 2010). However, high Arsenic 
levels (1000 mg/litre) in the water, introduced in the Andean cordillera, may 
have negatively impacted on the health of populations relying on it for the 
last ~10,000 years (discussed in Section 2.3.3; Arriaza 2005; Arriaza et al., 
2010a; Byrne et al., 2010; Figueiredo et al., 2010; Ponce 2009). The Lluta river’s 
water (see Figure 2.12 below) quality is also very poor because of its heavy 
metal content, for example, arsenic (200 "g/litre) from geological deposits 
(Figueiredo et al., 2010; Ponce 2009; Strasser and Schlunegger 2005). The 








Azapa Valley’s San José river has higher water quality, better suited for 
maize-based agriculture, but this river is seasonal, only reaching the Pacific 
Ocean during January to February when heavy rains occur in the highlands 
(Ponce 2009). Consequently, early populations that developed agriculture in 
these coastal valleys were at the mercy of both poor water and soil quality, 
resulting in lower crop yields that would have affected dietary quality and 
thus, health (Ponce 2009; Strasser and Schlunegger 2005).  
 
The Pacific Ocean is the largest body of water on the planet containing the 
Humboldt Current that flows northward along the South American coastline. 
This current is responsible for an abundance of marine plant and animal 
species by providing the plankton at the bottom of the substantial food chain 
with abundant nutrients (Encyclopaedia Britannica 2015b). These high-
nutrient waters sustain many fish species including anchovita (Engraulis 
ringens), and sardines (Sardinella aurita,) in abundant numbers (Encyclopaedia 
Britannica 2015b; Pacheco et al., 2012). The nutrients are provided at the 
surface when the current merges with warmer coastal waters that cause an 
upwelling of deeper, nutrient containing waters (Encyclopaedia Britannica 
2015b; Pacheco et al., 2012). Other marine resources include seaweed (Porphyra 
spp.), molluscs (Concholepas concholepas), sea mammals, such as the sea lion 
(Otaria flavescens), and sea birds, including pelicans (Pelacanus thagus), 
shearwater species (Colonectris spp., Puffinus spp.), and Wilson’s Petrels 
(Oceanits oceanicus; Castro 2014; Encyclopaedia Britannica 2015b; Swift et al., 
2015).  
 









Figure 2.11: Various flora species located at the mouth of the Lluta River (Author's own work, 2016). 
 
 
Figure 2.12: The modern, small version of the natural, freshwater lagoon at the mouth of the Lluta 
River during the winter period with various species of sea birds bathing (September 2016; Author’s 
own work, 2016).  
 








The Pacific Ocean’s surface affects local climatic conditions, predominantly 
along the northern Chilean coastline, through its surface temperatures that 
affect winds crossing these waters. This is evident during active ENSO years 
when changing atmospheric conditions affect rainfall patterns, marine species 
availability, and agriculture in northern Chile. Characteristic hyper-arid 
conditions of northern Chile’s Atacama Desert are caused by the Andean rain 
shadow, and the South Pacific high-pressure cell moving over the Pacific 
Ocean, which is stabilized by the cold Humboldt Current, preventing 
precipitation falling over land (Encyclopaedia Britannica 2015b; Messerli et al., 
1993; Strasser and Schlunegger 2005).  
 
2.2.2 The El-Niño Activity and Agriculture along the Pacific Coast 
Paleoclimate and archaeological findings indicate that coastal populations in 
northern Chile developed agriculture in response to increasing ENSO activity 
that depleted marine resources (Arriaza 1995b; Sandweiss et al., 2001; 2007). 
Modern ENSO activity has been linked to global droughts, famine, flooding, 
and disease epidemics (Burke et al., 2015; Bouma and Dye 1997; Danysh et al., 
2014; Gaither 2010). The reduced nutrient availability upsets plankton 
numbers with negative implications for the rest of the large food web, 
including species of fish, birds, and mammals, that rely on them (Trentberth 
1997). These warmer waters also affect presence and abundance of 
temperature sensitive fish and mollusc species (Sandweiss et al., 2001; 2007). 
Modern ENSO events, occurring for 12 to 18 months every two to seven years, 
affect global rainfall patterns and disease incidence such as cholera (Carré et 
al., 2013; Sandweiss et al., 2001; 2007). However, paleoclimate and 
archaeological data suggest ENSO activity during prehistory was less intense 
and cycles were more infrequent, but still affected northern Chile (Carré et al., 
2013; Sandweiss et al., 2001; 2007). These changes in the natural environment 
elicited social responses in desert populations, such as migration, 
development of new subsistence strategies, and violence, visible in the 
archaeological record, which influenced local population health (Brooks 2006; 
DeMenocal 2001; Dillehay 2002; Zhang et al., 2006; Zhang et al., 2011). 
Archaeological evidence of the effects of ENSO activity on these populations 
has been well documented throughout the Andes and northern Chile.  








Paleoclimatic research into ENSO activity (onset, frequency and intensity) 
from the Holocene onwards has involved the study of algae (Botryococcus 
braunii), and temperature sensitive marine species (Sandweiss et al., 2001; 
2007; Zhang et al., 2014). However, difficulties with calibrating carbon dates 
from marine materials and associated dating issues may affect interpretations. 
Yet, these studies agree on three phases of ENSO activity in the past 
(Sandweiss et al., 2001; 2007; Zhang et al., 2014), which correlate with 
archaeologically observed social changes in northern Chile (see Table 2.1 
below; Arriaza 1995b; Ortloff and Kolata 1993; Rivera 1991; Sutter 2000; 
Williams et al., 2008; Zori and Brant 2012). There is still debate about the 
frequency of ENSO activity prior to ca. 5,600 BP, with some research 
suggesting it was faint and rare (Sandweiss et al., 2001; 2007). Conversely, 
Zhang et al.’s (2014) findings suggest ENSO activity was regular, although its 
intensity varied. During this phase of infrequent ENSO events at low 
intensity, hunter-gatherer populations exploited marine resources, as 
evidenced from archaeofaunal deposits and maritime technology at 
archaeological sites (Castro 2014; Williams et al., 2008). From ca. 5,600 BP, a 
major Pacific cyclic shift occurred changing ENSO frequency, although it 
remained at low strength until ca. 3,500 BP, when modern intensity 
commenced (Sandweiss et al., 2001; 2007).  
 
Zhang and colleagues (2014) disagree with Sandweiss et al. (2001), suggesting 
the modern intensity began around 1,500 BP. This later date corresponds with 
the start of the agricultural intensification (Middle Horizon) period in 
northern Chile, characterised by intensified trade between the coast and 
highlands, as well as the fall of the altiplanic Tiwanaku Empire (Ortloff and 
Kolata 1993). The emergence of defensive structures in the neighbouring 
Tarapacá Valley duringa later agricultural intensification phase (Late 
Intermediate Period; ca. 900- 550 BP) has also been linked to ENSO activity, as 
resource stress occurred and led to village raids (Zori and Brant 2012). 
Regardless of when modern ENSO patterns began, it is apparent that early 
hunter-gathering populations were not at the mercy of the same climatic 
extremes as populations during the agricultural transition or intensification. 
This conclusion is supported by archaeological evidence of social responses, 








such as agricultural development, and migration between altiplanic and 
coastal populations (Arriaza 1995b; Rivera 1991; Sutter 2000; Zori and Brant 
2012). 
 
2.2.3 Heavy Metal Poisoning: Arsenic and Lead 
Growth studies need to take into account all factors that can affect population 
health. In the Atacama Desert, ingestion of heavy metals, including arsenic 
(As) and lead (Pb) is likely to have affected the health of pre-Hispanic 
inhabitants (Arriaza et al. 2005, Arriaza 2005; Arriaza et al., 2010a; Bartkus et 
al., 2011; Bundschuh et al., 2011; Farell et al., 2013; Muñoz et al., 2005; Silva-
Pinto et al., 2010). For example, high arsenic levels (>50"g/litre) have been 
linked to poor health because it has mutagenic, carcinogenic, and teratogenic 
effects, as well as negative influences on growth and development (Abdul et 
al., 2015; Bencko 1977; George et al., 2015; Kapaj et al., 2006; Smith et al., 1992; 
Raquib et al., 2009; WHO 2017). In northern Chile, arsenic and lead are 
endemic to the region’s soil and fresh water sources and may have affected 
the health of past populations (Arriaza et al. 2005, Arriaza 2005; Bundschuh et 
al., 2011). Elevated arsenic levels have been reported in hair of ancient 
individuals from the Azapa and, Camarones Valleys (see Figure 2.8; Swift et 
al., 2015). Yet, researchers caution that while high arsenic levels in the hair is 
suggestive of heavy metal poisoning, it is possible that the metal was 
absorbed in the burial environment, so ingested levels may not have been as 
toxic (Abernathy 2001; Swift et al., 2015). However, the elevated amounts of 
heavy metals recorded in the soil and fresh water sources from this region 
necessitate a discussion regarding their impact on the health of early 
populations that lived here (Arriaza et al. 2005; Arriaza 2005; Arriaza et al., 
2010a; Bartkus et al., 2011; Bundschuh et al., 2011; Farell et al., 2013).   
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Heavy metals are natural contaminants in the environment, defined by a high 
atomic number (>20) and metallic properties (Peralta-Videa et al., 2009; 
Tangahu et al., 2011; NORD 2018). These metals are present in various forms, 
affecting their toxicity, and uptake by plants (Peralta-Videa et al., 2009; Rosas-
Castor et al., 2014; Tangahu et al., 2011). Once ingested by humans and 
animals, such elements cannot be biodegraded, leading to elevated 
accumulation and associated poor health effects (Tangahu et al., 2011). Certain 
plant species can absorb these metals through their root systems, transferring 
them to shoots and leaves above ground that may then be harvested or eaten 
(phytoextraction; Tangahu et al., 2011). This process of absorption by the roots 
allows heavy metals to enter the food system, but is affected by factors. These 
aspects include the plant species because some are better accumulators of 
heavy metals, and properties of the environment, including bioavailability of 
the metal, and temperature (Rosas-Castor et al., 2014; Tangahu et al., 2011). 
Another way for heavy metals to enter the food web is through drinking 
contaminated water (NORD 2018). This section provides an overview for the 
most prevalent heavy metals, arsenic and lead, in the Pacific coastal valleys, 
how they are processed by plants, particularly maize (Zea mays L.) and the 
current literature regarding their impact on human health, especially growth.  
 
 Arsenic (As) 
Arsenic exists naturally in great abundance in both inorganic (As(III)) and 
organic (As(V)) forms, of which the organic form is more toxic (Rosas-Castor 
et al., 2014; Tangahu et al., 2011). Volcanic rock, marine sediment, 
hydrothermal deposits, and fossil fuels are common environmental sources of 
arsenic (Rosas-Castor et al., 2014). In humans, arsenic exposure occurs by 
drinking contaminated water, or through the water to soil to plant crop 
system (Rosas-Castor et al., 2014). Some plants, such as maize (Zea mays L.), 
accumulate arsenic at higher levels than is present in the soils and water 
(Rosas-Castor et al., 2014). For example, in maize, the concentrations of arsenic 
increase from the roots to the grain, which humans then ingest (Rosas-Castor 
et al., 2014). Arsenic ingestion increases when cooking arsenic-contaminated 
plants is done with arsenic-contaminated water (Roychowdhury 2008; WHO 
2017). In humans, arsenic builds up in skin, nails, and hair, leading to 








hyperpigmentation (Kapaj et al., 2006). Arsenic is also linked with a much 
greater risk of skin, internal organ, and bladder cancers, reduced verbal IQ, 
and poor long-term memory (Kapaj et al., 2006). Most importantly for this 
thesis, high arsenic levels are associated with increased foetal loss, premature 
delivery, low birthweights, poor post-natal growth, and neural tube defects, 
such as spina bifida occulta (Kapaj et al., 2006; Gardner et al., 2013; Mazumdar 
2017; Rahman et al., 2010). For example, a direct connection has been made 
between high arsenic levels and poor postnatal growth, manifesting in 
reduced height and weight in living children (<5 years of age) from rural 
Bangladesh (Gardner et al., 2013). A study of pregnant women with urine 
arsenic concentrations ranging between 249!g/litre and <33!g/litre also 
showed that infant mortality rates increased with greater arsenic exposure 
during pregnancy (Rahman et al., 2010). Mouse models have supported these 
findings and show that very low arsenic levels can have severe effects on 
growth (Kozul-Horvath et al., 2012). Arsenic exposure in mouse mothers 
alters liver enzymes and breast milk during pregnancy, causing poor lactation 
and slower growth of the pups (Kozul-Horvath et al., 2012). 
 
Coastal valleys in northern Chile contain excessive levels of arsenic in the 
fresh water rivers, with potential implications for the health of occupying 
populations (Arriaza et al 2005; Arriaza 2005; Arriaza et al., 2010a; Bartkus et 
al., 2011; Bundschuh et al., 2011; Farell et al., 2013). For example, the San Jose 
river contains 12- 88!g/litre, Lluta river 200!g/litre and the Camarones river 
1000!g/litre of Arsenic (Arriaza et al., 2010a; Rothhammer 1990). Research 
also shows that marine resources, including fish and molluscs, from northern 
Chile’s Camarones Bay contain high levels of arsenic (Cornejo-Ponce et al., 
2011). For example, the shellfish (Venus antiqua spp.) has an arsenic level of 
7.50± 0.56 mg/kg-1 (Cornejo-Ponce et al., 2011). Therefore, early populations 
living in this region were vulnerable to high arsenic levels from all aspects of 
the environment, including the freshwater, soil, marine resources, and plants 
(Arriaza et al., 2010a; Cornejo-Ponce et al., 2011). An almost complete 
dependence on marine resources for food and the local contaminated fresh 
water supply, would have introduced high levels of arsenic into early 
populations. Arriaza and colleagues (2005a; b; 2010a) hypothesize that the 








artificial mummification practices by the Chinchorro culture were in response 
to high rates of abortion and infant mortality in the Camarones valley, which 
has the highest arsenic levels in this region. Greater exposure to arsenic likely 
also occurred with the introduction of maize-based agriculture because of the 
accumulation in the grains, and cooking with arsenic-contaminated water 
(Rosas-Castor et al., 2014).  
 
Studies of ancient skeletal samples from northern Chile have focused on the 
health-related issues that may have become more prevalent with potentially 
increased arsenic exposure as agriculture was developed and intensified with 
mixed findings (Boston and Arriaza 2009; Swift et al., 2015; Silva-Pinto et al. 
2010). Boston and Arriaza (2009) were unable to identify anticipated 
teratogenic anomalies in 199 individuals representing the hunter-gatherer and 
agricultural transition periods (Archaic, Formative) in the Azapa Valley, 
although arsenic was present in the tissues associated with such defects 
(Rothhammer 1990: 43). Swift et al. (2015) studied arsenic levels in 21 
individuals from the neighbouring Caleta Vitor Valley, spanning the hunter-
gathering to agricultural intensification (Archaic to Late Periods). Low arsenic 
levels in seven individuals suggest that heavy metal poisoning was not as 
prolific in these populations as originally thought (Swift et al., 2015). Silva-
Pinto et al. (2010) investigated the prevalence of spina bifida occulta in a 
sample representing the later agricultural intensification (Late Intermediate 
and Late Periods). These findings suggest the prevalence of spina bifida 
occulta was higher in the Camarones Valley (13.5%), compared to the Azapa 
and Lluta Valleys (2.4%), linked to differences in natural arsenic levels. These 
findings do not collectively show a high prevalence of arsenic-related poor 
health, or an increase of arsenic-linked health defects with the development 
and intensification of agriculture. This may be in part because of the localized 
differences in arsenic levels within and between the valleys as illustrated by 
the dissimilar components of arsenic in the Azapa, Lluta, and Camarones 
rivers. Another interesting potential influence may be population adaptation 
to arsenic levels in the region. A study on living inhabitants of the Camarones 
Valley show a tolerance for arsenic was developed, which may account for 
some of these findings (Atapa et al., 2017). Still, arsenic exposure is an 








important consideration in this study for the growth and development across 
the agricultural transition in this region.  
 
 Lead (PB) 
Lead exists in the environment naturally, and is toxic to plants and animals in 
small amounts (Mayo Clinic 2018; Tong et al., 2000; Tangahu et al., 2011). This 
metal is also taken up by the root systems of plants to enter the food web 
(Tangahu et al., 2011). For example, maize is a lead accumulator, but it also 
exhibits a very high tolerance of lead, with growth and germination only 
being negatively affected by extreme levels (Kastori et al., 2012). In human 
beings, very small amounts of lead are linked to severe health issues, while 
lead poisoning can be fatal (Mayo Clinic 2018; Tong et al., 2000).  Lead 
poisoning in adults is linked to elevated blood pressure, headaches, reduced 
sperm counts and miscarriage, stillbirths, or premature babies (Mayo Clinic 
2018). In children (<6 years), high lead levels cause developmental delays, 
learning difficulties, anaemia, and seizures, low birth weight, and slowed 
growth in new-borns (Bartkus et al., 2011; Mayo Clinic 2018; Waldron 1966). 
Interestingly, findings suggest that lead levels in prehistoric people were 
between fifty and two hundred times less than they are in modern 
populations (Ericson et al., 1979; Patterson et al., 1991; Tong et al., 2000). The 
industrial revolution is responsible for much higher amounts of lead in 
modern populations (Tong et al., 2000). For example, in living children, 
recommended lead exposure levels by the Centre for Disease Control (CDC) 
is ca. 625 times more than that experienced by prehistoric individuals (CDC 
1991; Ericson et al., 1979; Patterson et al., 1991; Tong et al., 2000).  
 
Ancient populations in northern Chile’s Atacama Desert were exposed to lead 
from the natural environment (Bartkus et al., 2011). A single study of the hair 
from modern individuals (n=3) and ancient hunter-gatherers (Archaic; n=49) 
from the Azapa and Camarones Valleys shows that 49% of the sample 
exhibited higher than normal exposure (5!g/g) of lead (Bartkus et al., 2011). 
The distribution of lead in the hair from ancient samples (1.1 to 228.0!g/g) 
may be due to individual uptake (Bartkus et al., 2011). Yet, the authors caution 
that outliers are responsible for the high range, and there is not the endemic 








widespread exposure within the hunter-gatherers from this region that the 
results suggest.  
 
High arsenic and lead levels are endemic to the Pacific Coastal valleys of 
northern Chile. However, research does not strongly reflect negative health 
changes expected with high levels of heavy metals. This may be due to 
individual ingestion levels, differences in metal content between the three 
valleys, and genetic level adaptation to the heavy metals (Atapa et al., 2017; 
Bartkus et al., 2011; Boston and Arriaza 2009; Silva-Pinto et al. 2010; Swift et al., 
2015).  
 
2.2.4 The Local Disease Reservoir 
Human growth is negatively affected by a greater parasitic load and diversity 
that the bioarchaeological model associates with the sedentary agricultural 
lifestyle (Araujo et al., 2011; Cohen and Armelagos 1984; Reinhard et al., 1988; 
Santoro et al., 2003). Disease, or parasitic load, is affected by pathogen 
diversity and prevalence. Parasitic loads are linked to growth disruption 
because they remove nutrients from the host, negatively affecting health 
(Haque 2011). This poor health is exacerbated in nutrient poor environments, 
such as these valleys of northern Chile, or when the host is pregnant (Tsoka-
Gwegweni and Ntombela 2014). This is because previous research has linked 
helminth parasitic infestations in living populations to poor immunity, 
anaemia, disease and infection, with health repercussions (Fairley et al., 2013; 
Kawi et al., 2009; Yatich et al., 2009). 
 
Research of coprolites and intestinal contents show that prehistoric 
population health in the Atacama Desert was affected by parasitic load and 
diversity (Arriaza et al., 2008a; Goodman et al., 1984a). Coprolites and 
mummified remains, for example, indicate early hunter-gathering (Archaic) 
populations contained marine parasites (Anisakis physeteris, Pseudoterranova 
decipiens, and Anisakis simplex) in muscle tissue and gut contents from eating 
raw fish (Arriaza et al., 2008a; 2010; Arujo et al., 2011; Reinhard and Urban 
2003). Yet, these fish tapeworms were reportedly absent during the 








agricultural transition (Formative) suggesting that the fish consumed was 
being cooked (Aufderheide et al., 2002: 253). 
 
Conversely, De Araujo et al. (1985) report pinworm (Enterobius vermicularis) in 
human coprolites from the nearby Tarapacá Valley in people representing the 
agricultural transition (Formative) and early agricultural intensification 
(Middle Horizon) between 2,400 – 1,200 BP, likely introduced by consuming 
domesticated animals. Santoro et al. (2003) investigated terrestrial parasite 
pervasiveness, including hymenolepidid tapeworm (Hymenolepis nana), 
pinworm (Enterobius vermicularis), and whipworm (Trichuris trichiura) during 
the later periods of agricultural intensification (Late Intermediate, Late 
Period) in the Lluta Valley from 39 human coprolites. This reseaarch showed 
that the Incan Empire’s influence during the later phases of agricultural 
intensification (Late Period), linked to human movements between different 
locales, exposed coastal valley populations to a greater diversity of terrestrial 
parasitic species. However, no studies have identified terrestrial parasites in 
the early hunter-gathering (Archaic) populations. These populations may 
have been too small to maintain a parasitic load, or terrestrial resources were 
seldom eaten. Contact with altiplanic hosts, such as domesticates, may have 
also been infrequent (Barrett et al., 2015).  
 
From the hunter-gathering occupation onwards, the coastal populations were 
also infested with head lice (Pedicularis humanus capitus; Arriaza et al., 2014b; 
Araujo et al., 2011) and Chagas Disease (Trypanosoma cruzi; Aufderheide et al., 
2004; Guhl et al., 1999; Solari 2011). These parasites are not fatal, but head lice 
can cause the host to scratch the scalps, creating open wounds for pathogen 
entry, leading to secondary infections.   








2.3 Pre-Hispanic Populations in the Pacific Coastal Valleys  
Archaeological evidence suggests that human occupation of the Pacific coastal 
valleys over the last 10,000 years involved significant changes, including 
population growth, social stratification, and agricultural development (Erices 
1975; Marquet et al., 2012; Rivera 1991; Shady 2014; Sutter 2000). This 
occupation is separated into five phases (Archaic, Formative, Middle Horizon, 
Late Intermediate, and Late Periods), based on mortuary practices, ceramics, 
subsistence practise, and inferred influence by highland cultures (see Table 
2.2 and Figure 2.13 below; Watson et al., 2013). Subdivision of these phases 
into ‘cultures’ has been done, by using archaeological findings for ‘typical’ 
subsistence practices, mortuary treatments, and materials, such as ceramics 
(Arriaza 1995a, b; Rivera 1991; Sutter 2000). This section addresses evidence of 
cultural and environmental changes over time, including living conditions, 
population densities, and social stratifications, and how they may have 
affected health.  
 
Table 2.2: Archaeological phases and associated dates for the South-Central Andes and Pacific coastal 
valleys (adapted from Arriaza 1995a; b; Guillen 1992; Rivera 1991; Sutter 2000; 2006; and Watson et 
al., 2013). 
Period Dates (South-Central Andes) 





Archaic 9,000 – 2,000 B.C. 8,000 – 1,500 B.C. 10,000-3,500 
Formative 2,000 B.C. – A.D. 500 1,500 B.C. – A.D. 500 3,500-1,500 
Middle Horizon A.D. 500 – 1,000 A.D. 500 – 1,100 1,500-900 
Late 
Intermediate A.D. 1,000 – 1,350 A.D. 1,100- 1,450 900-550 
Late Period A.D. 1,350- 1,550 A.D. 1,450 – 1,550 550-450 
 
2.3.1 Hunter-gatherers (Archaic Period, ca. 10,000- 3,500 BP) 
The Chinchorro, a semi-sedentary, pre-ceramic, maritime hunter-gathering 
culture, famous for their artificial mummification practices, occupied these 
valleys between ca. 10,000 and 3,500 BP (see Figure 2.13; Arriaza 1995; Rivera 
1991; Shady 2014; Standen et al., 2014). Extensive shell middens, hooks, and 
nets recovered from coastal sites, good oral health, and intestinal evidence of 
marine parasites suggests a heavy maritime reliance (Arriaza 1995a, b; 
Arriaza et al., 2008b; 2010b; Petruzzelli et al., 2012; Santoro et al., 2012; Standen 








et al., 1995; 1997, 2014; Watson et al., 2010; 2013). Harpoons and skins from 
highland species indicate that the hunting grounds of these coastal 
populations extended into the Andean mountains (Allison et al., 1974; 
Schiappacasse and Niemeyer 1984; Rivera et al., 1974; Standen et al., 2014). 
Sparse hut clusters at coastal locations in proximity to freshwater resources 
suggests the semi-sedentary existence of small Chinchorro populations 
(Arriaza 1995b; Shady 2014). The dwellings ranged in style from circular huts 
to vertical stonewall structures, with wooden posts, reed matting, and animal 
hides (Arriaza 1995b; Shady 2014). The destructible nature of most of the 
materials used may, in part, account for the sparse settlement recovery (Shady 
2014). The sedentary lifestyle may have subject these hunter-gathering 
populations to health issues, such as poor sanitation that would be typical for 
agricultural populations.  
 
Several families are likely to have lived in a single settlement, within a simple 
social organisation (Rivera 1991; Shady 2014). Evidence of gender-specific 
roles in these groups is deduced from grave goods as women were buried 
with fishing apparatus, including hooks, weights, and fishing lines, while 
men had harpoon shafts and barbs for hunting (Shady 2014). For example, 
external auditory exostoses, which develop in response to cold water 
aggravation of the ear from deep diving, would be more prevalent in females 
(Standen et al., 1995; 1997; Watson et al., 2010; 2013). Older children and 
adolescents were also buried with these sex-specific grave goods, suggesting 
that they participated in these food collection practices and were at risk of the 
health-related issues (Arriaza 1995a, b). Good dental health and findings of 
intestinal marine parasites from eating raw fish (Anisakis physeteris, 
Pseudoterranova decipiens, and Anisakis simplex) were likely prevalent in both 
sexes in these populations because of the heavy maritime dependence 
(Arriaza et al., 2008a; Arujo et al., 2011; Reinhard and Urban 2003; Standen et 
al., 1995; 1997; Watson et al., 2010; 2013).  
 
The Chinchorro are famous for their artificial mummification practices. 
Typically, bodies were buried in shallow graves (<50cm deep) at densely 
occupied coastal locations (Arriaza 1995a, b). Within these burials, families 








were together, as groupings of approximately nine individuals were of 
different ages and sex (Shady 2014). The mummification process involved 
replacing the brain and internal organs with mud, feathers, and camelid fur, 
before coating the body in mud and wrapping it in camelid skin or reeds 
(Arriaza 1995a, b). These preparations suggest that beliefs connected to the 
dead were highly advanced in these early populations (Rivera 1991). The 
artificial mummification styles evolved with greater complexity during the 
~3,500 years of estimated artificial mummification practices by the 
Chinchorro culture (Arriaza 1995a, b). Increasing complexity of these 
practices suggest that cultural practices and beliefs linked to the dead 
strengthened and may also indicate that general societal changes became 
more sophisticated. Unfortunately, it is difficult to know how general societal 
changes evolved as evidence of the unusual artificial mummification practices 
does suggest these populations were socially sophisticated for their time. For 
example, it is difficult to understand how children were treated and how 
findings may have impacted on health. This theme of uncertainty is 
continuous for the literature surrounding populations that occupied these 
coastal valleys. Abandonment of the artificial mummification practices, 
appearance of ceramics and agriculture signal the end of the Archaic Period 
(Rivera 1991).  
 
 2.3.2 Agricultural Transition (Formative Period, ca. 3,500 – 1,500 BP) 
The Quiani, Faldas del Morro/Azapa and El Laucho/Alto Ramirez social 
complexes define the agricultural transition in the valleys (see Figure 2.13; 
Arriaza 1995a, b; 1988; Sutter 2000; 2006; Watson et al., 2013). Archaeological 
sites, and recovered materials have been used to define these cultures. 
Initially, populations were relatively small in these valleys and occupied sites 
along the coast in similar locations to those of the Chinchorro (Rivera 1991). 
The Quiani are represented by shell mounds on the coast of the Azapa Valley, 
while the Faldas del Morro/Azapa and El Laucho/Alto Ramirez complexes 
are named for coastal and valley sites, respectively (Arriaza 1995b; Rivera 
1991; Sutter 2000). Later, during the El Laucho/Alto Ramirez complex, 
distinct, small agricultural village with fewer than one hundred houses were 
developed in the valleys (Ramirez de Bryson et al., 2001; Rivera 1991; Sutter 








2006). Towards the end of this period of occupation, sun and frog motifs on 
textiles appeared, suggesting that influences by highland cultures had begun 
(Ramirez de Bryson et al., 2001; Rivera 1991; Sutter 2000; 2006).  
 
 
Figure 2.13: The archaeological phases and their associated cultural chronology of pre-Hispanic 
populations living in the Pacific coastal valleys of northern Chile between 8,000 B.C., (~10,000 BP) and 
1,550 A.D., (~500 BP; dates from Arriaza 1995a, b; Rivera 2008; Sutter 2006) (created by Mr. Robert 
McPhee, University of Otago 2016).  	
Maritime reliance was continued to a lesser extent at agricultural sites that 
were 12km inland, during the later El Laucho/Alto Ramirez complex. This 
may have been linked to greater food availability due to more sophisticated 
agricultural practices (Rivera 1991; 2008; Watson et al., 2010; 2013). Evidence 








does suggest that irrigation practices began towards the end of this phase, 
resulting in the production of different crops, such as maize (Zea mays), chilli 
peppers (Capsicum spp.), beans (Phaseolus spp.), and squash (Cucurbita spp.; see 
Table 2.3 below; Arriaza 1995b; Dauelsberg 1985; Erices 1975; Korpisaari et al., 
2014; Petruzzelli et al., 2012; Poulson et al., 2013; Rivera 1991; Sutter 2000). 
Watson et al. (2010; 2013) supports these findings for agriculture with 
evidence for increased rates of dental caries, attributed to a soft, sugary diet, 
which were more prevalent in the valleys. Corrals suggests that animal 
domestication and meant that populations had ready access to camelid 
protein (Rivera 1991; Watson et al., 2013). Yet, the gut contents from preserved 
individuals in the nearby Tarapacá Valley (ca. 2,540 – 1,400 BP) show camelids 
formed a very small dietary component, while cultivates, marine resources 
and wild terrestrial flora (Chenopodium spp.; Prospis sp.; and Schoenoplectusl 
Scirpus sp.,) were mostly eaten (Holden and Nunez 1993). No marine parasites 
(Anisakis physeteris, Pseudoterranova decipiens, and Anisakis simplex) were 
recovered from individuals of this period, suggesting that cooking was 
probably introduced when domesticated animals provided dung for fuel 
(Arriaza et al., 2008a; 2010; Arujo et al., 2011; Muñoz Ovalle 2004; Reinhard 
and Urban 2003). Prior to this, there was not enough wood fuel for such 
preparation practices (Muñoz Ovalle 2004). Pinworm (Enterobius vermicularis) 
in human coprolites from the nearby Tarapacá Valley in agricultural groups 
suggests there was still transfer of parasites from domesticated animals to 
local populations (De Araujo et al., 1985). Rivera (1991) also hypothesized that 
society was stratified in these agricultural villages with a division of labour, 
professional artisans, and a ruling class. Unfortunately, not enough is known 
about this stratification to determine how it affected the distribution of 
resources, and societal treatment of children and adolescents, and 
consequently of growth and development. 
 
Formative cultures did not practice artificial mummification, instead burying 
their dead in single graves, wrapped in woollen shirts (Arriaza 1995b). Burial 
goods included metal ornaments (copper, gold) as metallurgy practices were 
developed during this period, and textiles (Arriaza 1988; 1995a; Rivera 1991). 
These metallurgy practices were not particularly dangerous for human health 








because copper and gold are not very toxic (Dartmouth Toxic Metals 2018). 
The period of agricultural transition (Formative) Period ends with the rise of 
the altiplanic Tiwanaku Empire and its influence in the coastal valleys through 
trade, burial practices, and intensified agricultural practices (Rivera 1991; 
Sutter 2000; 2006).  
 
Table 2.3.: Archaeological evidence of the dietary flora breadth recovered at sites of past occupation in 
the Pacific coastal valleys from northern Chile. The species bolded are those that differ between the 
various phases.  
Time Period Dietary Flora Component References 
Archaic Mucuma elliptica seeds; tubers (Solanum spp.) Rivera et al. (1975) 
Formative 
Achira (Canna edulis); Cotton (Gossypium 
barbadense); Gourds (Cucurbita spp.); Sweet potato 
(Ipomea batatas); Coca (Eritroxylon coca); Maize (Zea 
mays); Peruvian Pepper (Schinus molle); Pacay 
(Inga feuilleei); The Common Bean (Phaseolus 
vulgaris); Quinoa (Chenopodium quinoa), Manioc/ 








Achira (Canna edulis); Cotton (Gossypium 
barbadense); Algarrabo (Prosopis chilensis); Gourds 
(Cucurbita spp.); Potato (Solanum tuberosum); 
Quinoa (Chenopodium quinoa); Pumpkin (Cucurbita 
spp.); Junquillo; The Common Bean (Phaseolus 
vulgaris); Yuka (Manihot utlissima); Mucuma 
elliptica; Oca (Oxalis tuberosa), Sweet potato 





2.3.3 Agricultural Intensification (Middle Horizon ca. 1,500- 900 BP)  
The altiplanic Tiwanaku Empire heavily influenced the Loreta Viejo/Cabuza 
and Maytas cultures in the Pacific coastal valleys (Augustyniak 2004; 
Korpisaari et al., 2014; Rivera 1991; 2008; Sutter 2000). Valley cultures during 
this period developed complex societies under the influence of the Tiwanaku 
Empire, with social groupings, political leaders, and various economic 
practices, including agriculture, trade, and animal husbandry (Rivera 1991). 
Agricultural villages were of a similar size and location to those towards the 
end of the agricultural transition, and there was a movement away from the 
coast (Rivera 1991; Sutter 2000). This migration away from the coastline to 








valley sites may have been because the Tiwanaku purposely resettled the 
valley (Rivera 1991). Mixed agro-pastoral-maritime subsistence, use of 
irrigation systems, intensified trade with altiplanic groups, larger settlements, 
and metallurgy with gold and silver characterised this period (Augustyniak 
2004; Browman 1978; Hastorf 2008; Korpisaari et al., 2014; Rivera 1991; Sutter 
2000; 2006). Villages contained silos and storage buildings, suggesting that 
large-scale agriculture was practiced (Rivera 1991). The agricultural goods 
were likely redistributed within the framework of the Tiwanaku Empire, 
leaving little for these valley populations (Rivera 1991). Santoro et al. (2003) 
reinforces Rivera’s (1991) theory of resource redistribution, suggesting that 
marine consumption increased in the valleys, based on increasing percentages 
of fish bone in coprolites with agricultural intensification. It is important to 
note, however, that such a study would be affected by preservation issues, 
and preparation techniques.  
 
Little is known about labour division and resource distribution within the 
social stratification of these coastal valleys, although evidence from burial 
practices does suggest social separation occurred (Rivera 1991). Graves 
involved placing the body in a flexed position, bundled in a woollen shirt 
(Rivera 1991; 2008). The Loreta Viejo and Cabuza were present at the same 
time, but bodies were always buried separately, and it has been suggested 
that the Loreta Viejo were the ruling Tiwanaku in the valleys (Rivera 1991). 
Unfortunately, there is an absence of literature hypothesising what these 
differences in social position meant regarding access to resources, and 
physical demands, for example. The fall of the Tiwanaku Empire marks the 
end of the Middle Horizon.  
 
 2.3.4 Agricultural Intensification (Late Intermediate Period ca. 900 – 
550 BP) 
This phase is characterised by conflict and a vacuum of altiplanic cultural 
influence in the valleys (Rivera 1991; 2008; Sutter 2000; 2006). This absence of 
an overarching influence led to very different motifs, materials, and ceramics 
at different sites in the valleys, although all sites had developed defensive 
structures (Rivera 1991; 2008). The settlements were large (>1000 houses) 








agricultural villages with urban features, such as streets, and areas for specific 
practices, such as corn grinding, corrals, and houses (Rivera 1991). The 
settlements were also positioned in strategic locations, overlooking 
productive lands and contained storage rooms, suggesting that a surplus of 
food was being produced and protected from migrating groups (Rivera 1991). 
Maize, beans, pumpkin, and cocoa were some of the crops grown (Rivera 
1991). It is also likely that labour was divided and highly specialised (Rivera 
1991). During this time, camelid rearing was intensified, providing the ability 
for travel using caravans (Rivera 1991). These populations continued mixed 
maritime and agro-pastoral subsistence from the early agricultural 
intensification (Middle Horizon; Rivera 1991). Burials involved using three 
slabs of stone and decedents were placed in separate graves in a flexed, seated 
position (Sutter 2006). Grave goods included ceramics and textiles (Sutter 
2005). The rise of the altiplanic Inca Empire from Peru ended this period 
(Sutter 2000; 2006).  
 
 Evidence suggests that these populations were affected by terrestrial 
parasites carried by domesticated camelids (De Araujo et al., 1985). Division of 
labour, and social hierarchy may have influenced the distribution of 
resources, but there is no current literature discussing this. Conflict with other 
settlements and migrants may have affected health, and there may have been 
higher instances of fractures and trauma, but this has yet to be studied. It is 
also difficult to say how much higher these instances of violence would have 
been, at what age young individuals would participated in fighting or other 
specialised work practices, to allow for conclusions about how growth was 
impacted. Further study of this period is necessary.  
 
2.3.5 Agricultural Intensification (Late Period ca. 550- 450 BP) 
The Incan Empire’s influence in the Pacific coastal valleys defines this final 
period of pre-Hispanic occupation in the valleys (Rivera 1991). Atacama 
Oases, and mining locations for turquoise and copper south of the Pacific 
coastal valleys were important for the Inca trade network and so were 
forcefully integrated into the Incan Empire (Rivera 1991). The Pacific coastal 
valleys were unimportant to the Incan culture, but were incorporated into the 








Inca’s central state system with socio-economic re-organising of the local 
populations (Rivera 1991; Santoro et al., 2003). Archaeological and historical 
evidence suggests that most of the valley cultures were able to maintain their 
individual identifies, within the Incan Empire (Rivera 1991). Despite the 
restructuring that occurred and the presence of Incan textiles, the lifestyle, 
population and settlement sizes, subsistence practices, and mortuary 
treatments were similar to those of the Late Intermediate Period, with 
additions through trade (Rivera 1991; 2008). During this period, marine and 
agricultural resources were traded from the valleys for potatoes and camelid 
products of highland groups (Rivera 1991). This phase ended with the 
Spanish arrival in the 16th century and the subsequent fall of the Incan Empire 
(Rivera 1991; 2008).  
 
This review of the literature on changes in social stratification, population 
densities, and ultimately, population health, particularly that pertaining to 
children is limited. These inadequacies stem from an absence of literature 
regarding social developments and practices in these regions from the 
agricultural transition onwards. The disparities in focus reflect a fascination 
with the Chinchorro because of their early mummification practices. Studies 
that have attempted to address population health have done so by reaching 
conclusions about mortality, life expectancy, and fertility, using abridged life 
tables, which cannot be done in paleodemographic analyses (Alfonso et al., 
2007; Marquet et al., 2012; Moreno et al., 1992). For example, three studies have 
been carried out on samples representing populations from these coastal 
valleys, but cannot be used because the science behind their methodology is 
limited, preventing any useful information from being obtained (Alfonso et 
al., 2007; Marquet et al., 2012; Moreno et al., 1992).  As a result, while such 
studies do exist to attempt to address changes in population size, the 
approaches taken make them nonsensical and thus unusable for 
interpretations of population density, and health changes in the past. 
Generally, the literature regarding these populations is completely either 
absent, or the science is outdated, leading to limited conclusions from being 
developed. However, what is there can be used to develop a basic 








understanding of life in the past for a discussion regarding the impact on 
growth and health.  
 
	 2.3.6 Dietary Analyses of Early Populations  
A large part of this thesis involves establishing a dietary shift across these 
broad time periods, necessitating a discussion about the strengths and 
limitations of techniques used to study diets in the past. Caution is required 
when employing archaeological and isotopic methods as they can be 
misleading (Macko et al., 1999). For example, dietary marine components 
calculated from the proportions at archaeological sites are affected by 
preservation, food preparation technique, and site disruption (Santoro et al., 
2003). These restrictions have led bioarchaeologists to investigate ancient 
diets, using isotopes to identify food groups (see Figure 2.14 below; Tykot 
2004). 
 
In isotopic analyses, carbon and nitrogen isotopes are examined. Carbon 
isotopes are important because they allow the investigator to differentiate 
between plants at the bottom of the food web. For example, there are few C4 
plants, and maize is one of the only domesticated ones (Tykot 2004). 
Therefore, diets showing vast consumption of C4 plants are likely maize-
based. Examples of domesticated C3 plants include legumes, quinoa, and 
most agricultural plants in South America (Tykot 2004). 
 
 Nitrogen isotopes are important for assessing dietary protein and are used to 
study enrichment of the diet, e.g. types of fish or terrestrial herbivores that 
were eaten. This is because with Nitrogen, there is a two to three per mil 
enrichment for each additional tropic level increase through the food web (see 
Figure 2.14 below; Tykot 2004). Marine species exhibit higher nitrogen values 
than terrestrial species, making it possible to identify the dietary 
dissimilarities. Plankton process Nitrogen differently to terrestrial species, 
which is more enriching, resulting in these higher values (Tykot 2004). 
 
However, one major issue with isotope studies in these valleys is that the 
aridity elevates the Nitrogen isotope values through volatisation of Nitrogen 








gases, making it difficult to accurately identify tropic levels of species in the 
diet (C. King: personal communication). This issue with Nitrogen makes it 
challenging to differentiate between terrestrial and marine dietary 
components (Tykot 2004). However, not all researchers agree with this idea of 
Nitrogen volatisation. For example, Poulson et al. (2013) studied isotopes from 
dental calculus in northern Chile, reporting extremely heavy δ15N isotopes 
(+17.8 to 33.10/00). Using sea bird guano as fertilizer for crops, in addition to 
elevated Nitrogen levels may have caused these high readings, making it 
difficult to identify dietary components. Further, isotopic studies from dental 
calculus have been shown to be highly variable and subjective, so should 
generally be avoided. 
 
From these archaeological and isotopic findings, it is clear that a dietary shift 
to agriculture and an increased reliance on plant-based subsistence occurred 
around 3,500 BP (Formative Period). It is difficult to identify changes in 
dietary composition, including marine resources, cultivates, foraged 
terrestrial resources, over time among coastal and valley sites. Studies 
investigating the changes are hampered by recovery biases, and preservation 
differences. Therefore, flora and faunal species may be identified but 
modifications in dietary proportions over time cannot be accurately 
ascertained. 
 









Figure 2.14: Carbon vs. Nitrogen isotopic ratios in common New World food groups (information 
taken from Cadwaller et al., 2012; DeNiro and Hastorf 1985; Szpak et al., 2013; Tieszen and Chapman 
1992; created by Dr. Charlotte King).  
 
2.4 Continued Contact between the Altiplano and Coast 
Evidence for continued contact between highland and cultural populations is 
reviewed here as it is an important consideration in genetic heredity and how 
it affects growth. Archaeological evidence shows costal and altiplanic 
populations in northern Chile were in continual contact from initial coastal 
occupation by the hunter-gatherers (Archaic) through to the agricultural 
intensification under the Incan Empire (Late Period; see Figure 2.15 below; 
Arriaza et al., 2014a; Dorsey-Vinton et al., 2009). Contact was possible because 
of the relatively short distance (150 km) between the highlands and coastline 
with rivers providing freshwater corridors for human movement between 
(Arriaza et al., 2014a). Archaeological evidence of contact between these two 
regions in northern Chile includes findings of marine species remains, such as 
shark teeth, snails (Olivia peruviana), and scallops (Pecten purpuratus) at 












Figure 2.15: Cultural chronologies, time periods, contact between Pacific coastal valleys of northern 
Chile, and the important altiplanic cultures are shown (adapted from Sutter 2006 by Mr. Robert 
McPhee, University of Otago 2016 to include the evidence of contact).  
Evidence of highland species, such as bird feathers (unspecified) and Mucama 
elliptica seeds at Camarones-15 (Rivera et al., 1974), vicuña skin (Vicugna 
vicugna) at Camarones-14 (Schiappacasse and Niemeyer 1984), and rhea skin 
(Rhea pennata) at Morro-1 in the Azapa Valley (Allison et al., 1974) suggest 
these valley populations travelled to the highlands to hunt. Suggestion of 
contact between the hunter-gathering valley groups and highland 
populations is also found in the use of magnesium oxide in the 
mummification processes of the Chinchorro (Sepúlveda et al., 2013). 
Magnesium oxide is only available in northern Chile’s highlands. 
Archaeological evidence of agriculture, changing settlement patterns, 
altiplanic motifs, and early ceramics suggest a greater influence in the coastal 








valleys by the highland agro-pastoral cultures from ca. 3,500 BP onwards 
(Andrade et al., 2015; Rivera 1991; 2008; Watson et al., 2013). Therefore, 
remains of domesticated plant species, such as cassava (Manihot esculenta), 
maize (Zea mays L.) and sweet potato (Ipomoea batatas) in the Azapa, 
Camarones, and Lluta Valleys are also confirmation of highland contact 
(Andrade et al., 2015; Santoro 1980). Geoglyphs, created during the transition 
and intensification of agriculture (Formative to Late Periods) still demarcate 
these trade routes between the highland and valleys today (see Figure 2.16 
below; Ross et al., 2008). 
 
This evidence of continued contact between the region during early coastal 
occupation is important to understanding changes in populations’ dietary 
breadths and related implications for physical health of valley occupants. 
Further, this contact between the coastal and highland groups is necessary in 
studies of growth and development patterns that may have been influenced 
by genetic isolation.  
 
 2.4.1 Genetic Continuity with Altiplanic Populations  
As previously mentioned, determining whether there was sustained contact 
between highland and valley populations is important for this growth study, 
because isolation affects genetic predisposition through natural selection 
(Waples and Gaggiotti 2006). Modifications to a population’s genetic pool 
may lead to alterations in growth rates, causing confusion in studies where 
growth is used as proxy for health. Investigations of biological distance in 
these valleys are particularly important from the period of agricultural 
intensification (Middle Horizon onwards) when contact and presumed 
associated gene flow increased between these regions (Rivera 1991; 2008). The 
value of the research lies in the possibility that if genetic differences between 
the populations were great, then more frequent contact and gene flow would 
alter growth patterns in the valleys, biasing interpretations about physical 
health changes. Mitochondrial DNA, metric, and non-metric trait studies have 
been carried out to analyse biological distance between the altiplanic and 
valley groups (Rothhammer 2002; Sutter 2006; 2009; Varela and Cocilovo 
2002; Varela et al., 2013). Craniometric traits were used in these investigations 








but are unreliable in these populations because deliberate cranial deformation 
was practiced from the hunter-gathering period (Archaic) onwards, with 
increasing severity and sophistication (see Figure 2.17 below; Gertzen 1993; 
Sutter 2009; Varela and Cocilovo 2002; Varela et al., 2013). Mitochondrial DNA 
and non-metric dental trait research suggests that the altiplanic and valley 
populations were genetically close, meaning that increased contact did not 
significantly alter the genetic composition of the valley populations health 
(Moraga et al., 2005; Sutter 2006; Sutter and Mertz 2004). However, 
methodological approaches in these studies necessitate caution regarding 
findings. For example, treating the entire hunter-gathering period (Archaic) as 
a single phase and not considering environmental fluctuations over ~6,500 
years is questionable. Environmental conditions were characterised by the 
fluctuations in extreme aridity that likely affected populations sizes and 
genetic frequencies through bottlenecking. Marquet et al. (2012) report this 
aridity caused populations to decline prior to 7ka BP, increase between 7 and 
4ka BP, and decline again after 4.2 ka BP.  
 
While research does suggest that the genetic composition of the valley 
populations did not change small population sizes also likely influenced the 
prevalence of genetic traits through founder effects and genetic drift (Moraga 
et al., 2005; O’Neil 2014; Sutter 2006; Sutter and Mertz 2004). Founder effects 
occur when a small group of people have numerous descendants that live for 
multiple generations (O’Neil 2014). The survival of these subsequent 
generations ensures that high frequencies of certain genetic traits are passed 
from these ancestors to larger populations (O’Neil 2014). Genetic drift remote 
group, without the influence of natural selection or mutagenic change (O’Neil 
2014). For example, females and males in a small population are heterozygous 
for a specific trait, so 25% of offspring would be homozygous recessive for the 
trait. If one or two couples do not produce any homozygous offspring, the 
population may be too small to compensate for this loss, and the frequency of 
this trait has been altered in this population, particularly in subsequent 
generations (O’Neil 2014). These effects of small population size may have 
wide-ranging implications in these coastal population from northern Chile. 
For example, arsenic resistance has been documented in modern individuals 








from the Camarones Valley (Atapa et al., 2017). It is also possible that the 
consequences of small population sizes have influenced aspects of human 
health in this region that allowed populations to adapt and survive, but it is 
unknown to what extent these adaptations have occurred.  
 
These findings for bottlenecking, founder effects, and genetic drift do not 
prevent a growth study from being carried out, but require discussion in 
regard to the findings. Although these potential traits make the discussion of 
factors affecting health in this region complex, as the model for physiological 
stress (Goodman et al., 1984a; 1988; Goodman and Armelagos 1989) indicates, 
health is multifactorial. Therefore, these findings merely contribute to a 
deeper conversation about growth and health change with agriculture in 
these coastal valleys.     
 
 
Figure 2.16: Geoglyphs in the Atacama Desert are hypothesised to have demarcated trade routes to the 
Pacific coastline from the altiplano during the periods of agricultural transition and intensification 
(Formative to Late Periods; taken from Hudepohl, 2016). 
 









Figure 2.17: The skull of a child (T-33) displaying cranial deformation from deliberate head-binding. 
This individual is from the Azapa-8 site, representing the Gentilar culture from the agricultural 
intensification period (Late Intermediate Period, ca. 968-602 BP: Cassman 1997; Author’s own work 
2016).  
 
2.5 Chapter Conclusion: Agriculture, Climate, and Human Health 
Archaeological findings suggest that pre-Hispanic populations occupying the 
Pacific coastal valleys of northern Chile, between 10,000 and 450 BP, 
underwent significant cultural developments (Arriaza 1995a; Rivera 1991; 
Sutter 2000). Agriculture was developed around ca. 3,500 BP, influenced by 
the greater presence of highland cultures along the coastline with implications 
for human health (Arriaza 1995a; b; Rivera 1991; Sutter 2000). Unfortunately, 
one limitation of the current literature regarding these past populations is the 
sparse literature discussing social stratification and division of labour as 
society became more sophisticated. Research that contributes to discussions 
about health change with agriculture in these coastal valleys is currently 
limited to investigations of oral health and paleodemography (Alfonso et al., 
2007; Marquet et al., 2012; Moreno et al., 1992; Watson et al., 2010; 2013). Dental 
health worsened with agriculture, evidenced by greater caries and AMTL 
rates in the Formative compared with Archaic populations (Alfonso et al., 








2007; Watson et al., 2010; 2013). Yet, it is not as simple as this because studies 
show that poor diet is not the primary cause of poor oral health (Watson et al., 
2013). Evidence from sites also suggests that agriculturalists in this region 
continued to rely upon marine resources, making the testing of this 
bioarchaeological model more complicated. However, the various human 
practices are important to discussion regarding the global application of the 
model for health and agriculture.  
 
Maize-based agriculture was likely adopted in these coastal valleys as a 
response to increasing ENSO activity (intensity, regularity) that depleted 
marine and terrestrial resources (Arriaza 1995a, b; Standen et al., 1995; 1997). 
Regional geography facilitated these cultural changes, providing fresh water 
corridors that allowed contact between highland and coastal populations 
(Standen et al., 1995). It is likely that greater ENSO activity in the highlands, 
causing the depletion of resources, leading altiplanic groups to spend more 
time at the coast, transferring their agricultural practices to local populations 
(Williams et al., 2008). The second is that coastal populations attempted to 
remain close to the Pacific Oceans in times of high ENSO activity by 
developing agriculture, rather than migrating into the highlands or further 
down the coastline. These valley populations were also at the mercy of poor 
environmental conditions, with high levels of arsenic and lead in the water 
and boron in the soil (Strasser and Schlunegger 2005). Maize, the primary 
crop grown in these valleys does not grow well in these conditions, while lead 
and arsenic uptake have significant implications for human health, which 
include teratogenic effects, and negative effects on growth and development 
(Kapaj et al., 2006; Gardner et al., 2013; Rahman et al., 2010). It is also possible 
that with agriculture, and the metal-absorbing nature of maize, and cooking 
with arsenic-contaminated water, that these people were at a greater mercy of 
heavy metal-related poor health. Yet, studies have not conclusively reported a 
greater prevalence of this deterioration of health linked to arsenic or lead 
(Bartkus et al., 2011; Boston and Arriaza 2009; Silva-Pinto et al. 2010; Swift et 
al., 2015). Finally, a greater terrestrial parasitic presence along the coast from 
the period of agricultural transition (Formative) onwards suggests that larger 
populations, greater contact with the altiplanic groups, pastoralism, and 








disturbances of the natural environment for agriculture made coastal 
populations vulnerable to novel terrestrial parasitic species. 
 
Archaeological, oral health, isotopic, and macroscopic research suggests that, 
whilst plant-based subsistence was introduced, the degree to which 
populations relied upon agriculture varied between coastal and valley 
locations. The findings also indicate that, unlike the model predicts, 
populations continued to rely on the Pacific Ocean. This maintenance of 
marine subsistence complicates the testing of the model, but also contributes 
to a discussion about its global applicability. Exact dietary composition of 
these past populations is unknown as certain factors bias this research, 
including food preparation, and strong nitrogen signatures from guano, 
making further research on diet necessary.  
 
In conclusion, the literature on these pre-Hispanic populations from coastal 
northern Chile documents the development and intensification of agriculture 
between 10,000 and 450 BP in response to increasing ENSO activity. However, 
this was not a definite transition to complete reliance on agriculture for 
subsistence, as the poor quality of the environment meant that maize yields 
were low. Archaeological findings also suggest that, during periods of 
incorporation into highland cultures, agricultural resources were 
redistributed from the valleys. These factors are likely to have caused the 
valley populations to maintain a component of their marine dependence.  
Only oral health changes and paleodemography studies have been published 
regarding the health in the skeletal sample representing these valley 


































Chapter 3: Human Growth and Development as an Indicator of 
Physiological Stress Levels in Past Populations 
 
 
“We are guilty of many errors and many faults, but our worst crime is abandoning the 
children, neglecting the foundation of life. Many of the things we need can wait. The child 
cannot. Right now, is the time his bones are being formed, his blood is being made, and 
his senses are being developed. To him we cannot answer “Tomorrow.” His name is 
“Today.” 
 
Gabriel Miestral (Su Nombre es Hoy, 1948) 
Chilean Literary Nobel Prize Winner, 1945 
 
3.0 Skeletal Growth and Development 
Understanding the skeletal and dental growth processes is important for this 
thesis, enabling interpretations of growth profiles and physiological stress at 
individual and population levels. Current literature on skeletal and dental 
growth and factors that influence these processes are reviewed below for 
these purposes.  
 
3.1 Bone Growth and Stress 
Bone consists of a mineralised cellular matrix and specialised cells, including 
osteoblasts, osteoclasts, and osteocytes, allowing it to respond dynamically to 
stress (Adams et al., 2008). The matrix is composed of inorganic salts, 
including calcium compounds (60-70%), water (10-20%), and collagen (30%; 
Adams et al., 2008: 86). Osteoblasts create, deposit, and mineralise this matrix, 
osteocytes maintain the matrix, and osteoclasts resorb bone (Adams et al., 
2008). Bone development begins with the differentiation of a primitive 
mesenchymal template before intramembranous or endochondral ossification 
commences (Brighton 1978; von Pfeil and DeCamp 2009; Scheuer and Black 
2000). Long bones predominantly develop via endochondral ossification, 
except for the lateral half of the clavicle that forms through intramembranous 
ossification (Scheuer and Black 2000). Therefore, both processes of ossification 








are discussed below (Brighton 1978; von Pfeil and DeCamp 2009; Scheuer and 
Black 2000). 
 
 3.1.1 Intramembranous Ossification 
Intramembranous ossification is more rapid than endochondral ossification as 
it does not require the cartilage template formation (Brighton 1978; Scheuer 
and Black 2000). Mesenchymal cells differentiate directly into osteoblasts, 
responsible for secreting the bony matrix (Scheuer and Black 2000). The 
osteoblasts secrete osteoid, the uncalcified bony matrix, which hardens 
around the blood capillaries to form trabecular bone (Scheuer and Black 
2000). The osteoblasts located on the bone’s surface become periosteum 
(Scheuer and Black 2000). Flat bones, such as those of the face and cranium, 
and the lateral aspect of the clavicle are formed via this process, commencing 
in utero and continuing into adolescence (Scheuer and Black 2000).  
 
 3.1.2 Endochondral Ossification 
Development of a hyaline cartilage template from primitive mesenchyme, 
resembling the future bone shape, characterises endochondral ossification 
(Adams et al., 2008). The construction of bone commences when mesenchyme 
cells condense and develop into chondrocytes (Kronenberg 2003). These 
chondrocytes produce a bony matrix as they enlarge and proliferate 
(Kronenberg 2003; Scheuer and Black 2000). A bony collar forms to encircle 
the template and the primary ossification centre appears in the bone’s 
diaphysis (see Figure 3.1 below; Adams et al., 2008; Scheuer and Black 2000). 
Growth (cartilaginous, osteoblastic) occurs in all dimensions before secondary 
ossification centres appear at the bone’s ends (characteristic of long bones; 
Adams et al., 2008). The remainder of this cartilage template, between the 
diaphysis (shaft/primary ossification centre) and secondary epiphysis is the 
growth plate, where the bone continues to lengthen (Brighton 1978; Scheuer 
and Black 2000). Finally, ossification processes from the metaphysis and 
epiphyseal ends intrude into the growth plate, fusing to cause cessation of 
growth (Adams et al., 2008; Brighton 1978; Scheuer and Black 2000). The 
cartilage growth plate, regulated by systemic and local factors, of genetic, 








hormonal, paracrine, and autocrine origin, is responsible for linear bone 
growth (Hunziker 1994: 505). For example, the dietary intake of calcium, 
Vitamin A, and phosphorous, and serum hormone levels, such as Growth 
Hormone, affect the growth plate (Adams et al., 2008). Thus, a review of the 
cartilage growth plate and its environmental sensitivity is necessary.  
 
 
Figure 3.1:	Six stages of endochondral ossification are shown for the femur including the development 
of the hyaline cartilage model (1), the formation of a periosteal bone collar around the diaphysis (2), the 
formation of the primary ossification centre in the diaphysis (3), the appearance of the secondary 
ossification centres (4), the replacement of cartilage except the articular cartilage and epiphyseal plates 
(5), and finally, the epiphyseal plates ossify forming epiphyseal lines (6; taken from Quizlet 2016).  
 
The cartilage growth plate, located between the diaphysis and epiphysis of 
long bones, is under local and systemic regulation (Abad et al., 2002; Brighton 
1978; Kronenberg 2003; New Castle University 2018). Cartilage cells in the 
plate are organised into three zones: resting, proliferative, and hypertrophic, 
based on morphology and function (see Figure 3.2 below; Brighton 1978; von 
Pfeil and DeCamp 2009; Scheuer and Black 2000). The resting zone, located 
next to the secondary epiphysis, is characterised by undifferentiated, young 
cartilage cells; the proliferative zone is where chondrocytes replicate; and the 








hypertrophic zone is where the cartilage cells halt replication and enlarge, 
which is important to growth (Abad et al., 2002; Scheuer and Black 2000). This 
process at the growth plate is regulated by local (e.g. hedgehog proteins) and 
systemic (e.g. Growth Hormone; Kronenberg 2003). Disruption these factors 
can negatively affect growth, for example, lower amounts of serum Growth 
Hormone may lead to a reduction in linear growth (Adams et al., 2008). Many 
systemic and local factors regulate the epiphyseal plate, so growth at this 
location is influenced by body-wide physiological, biochemical, and 
pathological changes (Acheson and Fowler 1964; Da Silva et al., 2013). 
However, mechanisms by which this disruption occurs at a cellular level 
remains largely unknown, although studies are beginning to shed light upon 
these relationships (Da Silva et al., 2013; Farnum et al., 2003; Heinrichs et al., 
1997; Hunziker et al., 1989). For example, research shows that malnutrition 
affects growth at the epiphyseal plate (Da Silva et al., 2013).  
 
Poor diets can cause malnutrition through physiological changes that cause 
functional damage through biochemical and physiological disturbances (Da 
Silva et al., 2013).  This negative nutritional status is linked to a decrease in 
linear bone growth, with reduced proliferative rates, smaller numbers and 
different shapes of the cartilage cells, that produce a smaller epiphyseal plate 
height (Da Silva et al., 2013). Manifestation of disturbed epiphyseal growth is 
anticipated for a wide range of local and systemic influences in this manner, 
yet, there are some changes in growth that are not completely explained. For 
example, the mechanism responsible for increased fluctuating biological 
asymmetry with stress is unknown, although Bailit et al. (1970) suggest poor 
environmental conditions lead to a loss in the adaptation of various biological 
systems resulting in the physical manifestation of biological noise 
(asymmetry). In addition to this evidence for skeletal vulnerability, research 
shows dental development is affected by the environment, although to a 
lesser extent than skeletal development (Scheuer and Black 2000).  
 









Figure 3.2: The different regions of the epiphyseal growth plate are shown in the proximal tibia, 
including the resting, proliferative, and hypertrophic zones (taken from New Castle University 2018).  
 
 3.1.3 Dental Anatomy, Mineralization, and Eruption 
The timing of dental mineralisation is relatively insensitive to environmental 
conditions and so is used to estimate biological age (Cardoso 2007; Demirjian 
et al., 1973; Elamin and Liversidge 2013; Moorrees et al., 1963a; b). Accurate 
biological age estimations can be obtained through the assessment of dental 
mineralisation. Mineralisation, controlled at a cellular level, is the process by 
which hydroxyapatite is deposited into the cellular matrix, and dental 
eruption is the transition of a tooth from its crypt to the occlusal position 
(Goldberg et al., 2012: 09; Suri et al., 2004: 432). Humans have two successive 
sets of teeth that begin to develop in utero, reaching completion with the 
eruption of the third molar between 18 and 21 years of age (Burdi et al., 1979; 
Durham 2008; Kraus 1969; Liversidge and Molleson 2004; Scheuer and Black 
2000). The deciduous dentition consists of 20 teeth, including central and 
lateral incisors, canine, first and second molars, per quadrant (Durham 2008). 
The permanent set comprises 32 teeth, including the central and lateral 
incisors, canine, first and second premolars, first, second, and third molars, 
per oral quadrant (Durham 2008). Mineralisation, eruption, and replacement 
of deciduous dentition with their permanent counterparts is not a continuous 
process, instead it involves distinct periods of eruption or inactivity (Durham 
2008). This variation in phases of dental development has implications for age 








estimation techniques relying on dental development and will be discussed 
further in Chapter Four.  
 
Despite function-related morphological differences, each tooth consists of an 
enamel-covered crown and a cementum-covered root (see Figure 3.3 below; 
Durham 2008). The enamel crown is approximately two millimetres thick, 
extremely hard, composed of 96% inorganic material, and 4% organic matrix, 
including water and protein (Kraus 1969; Gutiérrez-Salazar and Reyes-Gasga 
2003). Underneath the crown is dentine, an avascular substance, composed of 
~80% hydroxyapatite and calcium carbonate, and ~20% organic matrix 
(Durham 2008; Kraus 1969). Beneath the crown’s dentine lies the pulp 
chamber, containing dental pulp, a vascularised connective tissue with 
associated nerves and arteries that supply nutrients to osteoblasts lining the 
internal dentine surface (Durham 2008). The pulp chamber narrows to form a 
canal in the tooth root, ending in an apical foramen, creating a passage for the 
neurovasculature to access the tooth’s pulp (Durham 2008; Kraus 1969).  
 
3.1.4 Dental Mineralisation Timing 
Mineralisation of the deciduous teeth commences ~16 weeks in utero and 
reaches completion by ~four years of age with closure of root apices (Durham 
2008; Demirjian et al., 1973; Kronfield and Schour 1938; Liversidge 2003; 
Moorrees et al., 1963a; b; Smith 1991). Permanent tooth mineralisation begins 
in the first molars, incisors, premolars, and second molars during the first 
four years, and third molars between six and 12 years of age, reaching 
completion around ~18 with the closure of the tooth apices (Scheuer and 
Black 2000). The timing of dental mineralisation is relatively insensitive to 
environmental effects compared to ossification, allowing fairly accurate age 
estimations from dental mineralisation (Anderson et al., 1976; Cardoso 2007; 
Elamin and Liversidge 2013; Garn et al., 1965). Tooth components are also 
radiopaque allowing the mineralisation progress, and thus age estimations, to 
be carried out from radiographs (Scheuer and Black 2000).  
 
 









Figure 3.3: Longitudinal section of a tooth showing the different components and surrounding tissues 
(Durham 2008: 516).  
 
The majority of age estimation techniques were developed on individuals of 
European descent, which is problematic for the application to other ancestral 
groups. Issues with the universal application exist because of a hereditary 
component in the regulation of tooth mineralisation (Demirjian et al., 1973; 
Moorrees et al., 1963a; b). Reported differences in age estimations obtained 
when applying techniques, created on European individuals, to other 
ancestries highlights these issues (Demirjian et al., 1973; Moorrees et al., 1963a; 
b). For example, Duarte de Silva and colleagues (2013) applied Demirjian et 
al.’s (1973) technique to 66 females and 58 males from indigenous Brazilian 
populations. This research showed biological ages were overestimated by 7.1 
and 8.2 months for females and males, respectively (Duarte de Silva et al., 
2013). These inaccuracies may be magnified when using techniques 
developed on modern populations to ancient skeletal samples. Such issues 
could potentially arise in this thesis because methods, derived on European 








individuals, will be applied to an ancient pre-Hispanic Chilean skeletal 
sample, and may impact on health findings. 
 
 3.1.5 Dental Crown Sensitivity to Environmental Conditions 
Research shows that tooth crowns are sensitive to environmental conditions, 
correlating small crown sizes, greater fluctuating asymmetry of crown 
dimensions, and a higher prevalence of enamel defects with poor conditions 
(Anderson et al., 1976; Cameriere et al., 2007; Cardoso 2006; 2007; Elamin and 
Liversidge 2013). Importantly, these changes to the dentition are irreversible, 
so once the tooth is altered, it remains a permanent record of these stress 
events (Witzel et al., 2006). Sibling and half-sibling studies show that ~60% of 
tooth crown dimensions are genetically controlled for, and ~40% is influenced 
by local and systemic conditions (Demsey et al., 1999; Townsend and Brown 
1978; Townsend 1980). Therefore, poor individual health is likely responsible 
for these tooth changes, although there are sex-specific differences in tooth 
crown size, and the mechanisms by which these different changes occur are 
unknown, although disruption of the enamel-producing ameloblasts cells is 
hypothesised (Guagliardo et al., 1982; Witzel et al., 2006).  
 
Enamel is highly mineralised, requiring a lengthy period of development for 
its complex structure (Sasaki et al., 1997). Ameloblasts are responsible for the 
production of enamel by depositing acid enamelins, which are mineralised to 
form apatite crystals (Sasaki et al., 1997: 37). In these ameloblasts, a ‘Tomes’ 
process’ is formed that functions to deposit enamel and is in contact with the 
developing enamel surface (Sasaki et al., 1997). The role of the ameloblasts in 
enamel production suggests that any abnormalities of the tooth crown is 
associated with disruption of the ameloblasts. For example, in a porcine 
study, the macroscopic appearance of hypoplastic defects was investigated in 
relation to changes in the ameloblast structure (Witzel et al., 2006). Witzel et al. 
(2006) linked to increasingly noticeable impairments of the ameloblasts in 
relation to the disruption of the enamel structure and quality. Particularly, 
noticeable were changes to the Tomes’ process that was substantially 
shortened (Witzel et al., 2006). These findings are instrumental in explaining 
dental enamel defect formation (discussed in detail below), while causes for 








smaller dental crown size and asymmetry are remain theoretical, but are 
expected to relate to enamel disruption. For example, malnutrition may 
influence the amount and quality of the enamelins laid down by ameloblasts, 
which are mineralised to form enamel, affecting crown size and asymmetry 
(Larsen 1997: 44).  
 
This irreversible vulnerability of tooth crowns to environmental conditions 
enables bioarchaeologists to investigate permanent records of stress in the 
past, a useful compliment to research on bone growth.  
 
 3.1.6 Dental Eruption 
The deciduous dentition starts to erupt ~six months after birth, completing 
the process by ~four years of age (Scheuer and Black 2000: 151). Permanent 
tooth eruption occurs in two phases: between six and eight years (first molar, 
central and lateral incisors), and 10 and 12 years (canines, premolars, second 
molars; Chertkow 1980; Massler and Schour 1941). Environmental, ancestral, 
and local factors, including overcrowding and infection, affect dental 
eruption, making it a more variable process than mineralisation and 
completely unreliable for age estimation (Delgado et al., 1975; Demirjian and 
Levesque 1980; Sierra 1987; Steggerda et al., 1942; Suri et al., 2004).  
 
 3.1.7 Defects of Dental Enamel 
Bioarchaeologists also study dental enamel defects as an indicator of stress 
episodes in the past because these are permanently captured in tooth enamel, 
allowing other instances of growth disturbrance, often masked by catch-up 
growth, to be identified (Goodman and Armelagos 1985a; b; Goodman and 
Rose 1991; Goodman and Song 1999). However, there are challenges in the 
study of DDEs as a measure of health that necessitate a discussion about the 
process of enamel development and the osteological paradox (DeWitte and 
Stojanowski 2015; Mahoney 2012; Massler et al., 1941; Witzel et al., 2006; Wood 
et al., 1992). Dental enamel development occurs by appositional growth, 
involving the deposition of new enamel onto previous layers (Massler et al., 
1941: 33). This depositional process is not uniform from cusp to root, rather it 








is circular in manner between the cusp tip and cemento-enamel junction (see 
Figures 3.4 and 3.5 below; Mahoney 2012; Massler et al., 1941). Importantly, 
ameloblasts are sensitive to dynamic disturbances, such as metabolic 
disruption, leading to DDE development, including opacities and hypoplasias 
(see Table 3.1 and Figure 3.6 below for the definitions of these defects; 
Clarkson and O’Mullane 1992; Goodman and Armelagos 1985a; b; Goodman 
and Rose 1991; Goodman and Song 1999; Hutchinson and Larsen 1988; 
Infante and Gillespie 1974; King et al., 2005; Larsen 1997; Nikoforuk and 
Fraser 1981; Reid and Dean 2000; 2006). Studies have linked DDEs, formed by 
abnormalities in the microstructure of the enamel, to changes in morphology 
and function of secretory ameloblasts that may be caused by environmental 
disturbances (Boyd 1967; 1989; Nanci 2003; Witzel et al., 2006).  
 
For example, linear enamel hypoplasia (LEH) development is linked to 
environmental (e.g. malnutrition), and systemic (e.g. hormone deficiencies) 
causes, suggesting a general physiological stress-based origin (Goodman and 
Armelagos 1985a; Goodman et al., 1987; Infante and Gillespie 1974; Nikiforuk 
and Fraser 1981). LEH formation is usually limited to an area of the tooth 
surface, allowing researchers to assess age at formation (Ritzman et al., 2008). 
For example, LEH generally occurs on anterior (incisors, canines) deciduous 
and permanent dentition, although research focuses on the permanent teeth 
(Goodman and Armelagos 1985a; b; Larsen 1988; Infante and Gillespie 1974; 
Reid and Dean 2000; 2006). Goodman and Armelagos (1985b) report that the 
anterior teeth are generally more prone to LEH formation than posterior 
teeth. This study also showed that the highest frequency of LEH is in the 
maxillary central incisors, followed by maxillary and mandibular canines, 
then the upper and lower lateral incisors, suggesting differences in the genetic 
regulation of tooth development and thus, susceptibility (Goodman and 
Armelagos 1985b). Yet, because of the nature of enamel development, early 
ameloblast disruptions are potentially concealed by subsequent layers of 
enamel formation, unless severe enough to disturb the formation of 
sequential layers, becoming visible on the tooth’s surface (Reid and Dean 
2000). The defect width is also likely correlated with the severity of an episode 
but no studies directly support this theory (Buikstra and Ubelaker 1994: 57). 








The prevalence of DDE formation with sex, socioeconomic status, age-at-
death, and skeletal evidence of infection have been investigated in both 
clinical and bioarchaeological fields (King et al., 2005). LEH most frequently 
developed between two to four years of age in both sexes in 18th and 19th 
century cemetery samples of Christchurch, Spitalfields (n=24) and St Bride’s 
Church (n=10), England (King et al., 2005: 06). Males developed fewer LEHs 
than females in every age category, while females displayed more disrupted 
enamel and smaller periods between these disruptions (King et al., 2005: 07). 
These findings need to be considered in the context of the osteological 
paradox (see Section 3.5.1; Wood et al., 1992). From the outset, higher rates of 
defects can be indicative of growth disturbances and are associated with 
poorer health. Conversely, as discussed in Section 3.5.1., the osteological 
paradox suggests that better health is indicated by the greater presence of the 
defects as individual have survived more stress events leading as indicated by 
these defects (Wood et al., 1992). Consequently, the assessment of DDEs is 
important in growth research, complementing bone growth analyses in 
bioarchaeology.  
 









Figure 3.4:	 Retzius line periodicity in di2. A: photomontage of di2. section taken at 4X. B: Lingual 
surface, lateral enamel at 10X showing Retzius lines (indicated by arrows). The darker area between 
the Retzius lines is hypo-mineralised enamel. C: Close-up of highlighted area in B at 40X showing 
daily striations between two adjacent Retzius lines. White-dashed lines follow Retzius lines’ axis. 
White arrows point to cross-striations (taken from Mahoney 2012: 639).	
 









Figure 3.5: Chronology of tooth development as depicted by Berten (1985), on the basis of an analysis 






















A defect involving an alteration in the translucency of the enamel, 
variable in degree. The defective enamel is of normal thickness 
with a smooth surface. It has a distinct and clear boundary with the 
adjacent normal enamel and can be white, cream, yellow, or brown 
in colour. The lesions vary in extent, position on the tooth surface, 
and distribution in the mouth. Some maintain a surface 
translucency while others are dulled in appearance.  
Diffuse 
Opacity 
A defect involving an alteration in the translucency of the enamel, 
variable n degree. The defective enamel is of normal thickness and 
at eruption has a relatively smooth surface and is white in colour. 
It can have a linear, patchy or confluent distribution but there is no 
clear boundary with the adjacent normal enamel.  
 
Lines: Distinct white lines of opacity which follow the lines of 
development of the teeth. Confluence of adjacent lines may occur.  
 
Confluent: Diffuse patchiness has merged into a chalky white area 
extending from mesial to distal margins that can cover the entire 
surface or be confined to a localized area of the tooth surface.  
 
Confluent/patchy: plus, both staining and or loss of enamel: Post-
eruptive change of colour and or loss of enamel related only to the 
hypo-mineralised zone i.e. punched-out appearance of pits or large 




A defect involving the surface of the enamel and associated with a 
reduced localized thickness of enamel. It can occur in the form of a) 
pits – single or multiple, shallow or deep, scattered or in rows 
arranged horizontally across the tooth surface; b) grooves – single 
or multiple, narrow or wide (maximum 2mm), or partial or 
complete absence of enamel over a considerable area of dentine. 
The enamel of reduced thickness may be translucent or opaque.  
 
 3.1.8 Population Differences in Dental Development 
Genetic factors exert a strong control over dental development, evidenced by 
research on the dental mineralisation timing, and tooth dimension heritability 
(Anderson et al., 1976; Cardoso 2007; Demsey et al., 1999; Elamin and 
Liversidge 2013; Garn et al., 1965; Townsend and Brown 1978). Region-specific 
variation in mineralisation timing and eruption exists between populations 
and sexes, caused by the significant genetic role in dental development (Al-
Tuwirqi et al., 2011; Liversidge 2003; Phillips and Kotze 2009; Saunders and 
Hoppa 1993). To directly evaluate this variation between populations, dental 
age estimation techniques, such as Demirjian et al.’s (1973) and Moorrees et 








al.’s (1963a; b) methods are used, allowing comparisons of ages obtained with 
the different methods (Al-Tuwirqi et al., 2011; Bagherpour et al., 2010; 
Cameriere et al., 2007; Chertkow 1980; Feijóo et al., 2012; Germano Maia et al., 
2010; Liversidge 2003; Nyström et al., 1986; Tompkins 1996; Tunc et al., 2008). 
Demirjian et al.’s (1973) technique, based on a small Caucasian French-
Canadian sample, is most often applied for these purposes, allowing 
differences in rate of dental development between populations to be 
illustrated. Multiple studies show that chronological age (CA) was over or 
underestimated using these techniques (Demirjian et al., 1973; Al-Tuwirqi et 
al., 2011; Bagherpour et al., 2010; Feijóo et al., 2012; Nyström et al., Tunc et al., 
2008). 
 
3.2 Human Growth and Development  
An understanding of the human growth process is required to identify 
growth disturbances in the past. Social, genetic, biological, and evolutionary 
research contributes to our understanding of this process (Bogin 1988; Falkner 
and Tanner 1986; Kuzawa et al., 2014). For example, evolutionary findings 
suggest the lengthy growth process in humans co-evolved with the 
development of a larger neural capacity and heightened cognitive abilities 
necessary to acquire high energy foods, and develop complex social practise 
and language (Bogin 1988; Eichorn and Bayley 1962; Kaplan et al., 2000; 
Kuzawa and Bragg 2007; Tanti et al., 2011). Neurological growth prioritisation 
during infancy and early childhood, linked to a delay in the growth of other 
systems until neural growth is complete (~six years) supports these 
evolutionary theories (see Figure 3.6 below; Bogin 1988; 1994; Kaplan et al., 
2000; Johnston 1986). Social practices also vary cross-culturally for each 
growth phase, linked to physical appearance, which may impact on growth 
quality and health (Behrendt and Moritz 2005; Brown 1921; 1963). Therefore, 
social treatments of individuals at different stages of the growth process is 
necessary for interpretations of growth findings. These differences in social 
treatment during the different biological stages of growth makes it useful to 
compare growth between the different biological stages with the transition to, 
and subsequent intensification of, agriculture.  
 









Figure 3.6: Growth curves for different body systems: The ‘brain curve’ (red) is for total weight of the 
brain; the ‘dentition’ (blue) curve is the median maturity score for girls based on the seven-left 
permanent mandibular teeth using reference data from Demirjian (1986); the ‘body’ (orange) curve 
represents growth in stature or total body weight, and the ‘reproductive’ (green) curve represents the 
weight of the gonads and primary reproductive organs (adapted from Bogin 2001: 79 to include colour 
by Mr. Robert McPhee, Department of Anatomy, University of Otago 2016).  
 
3.2.1 Growth as a Proxy for Physiological Stress Levels 
Human growth is widely-accepted as an indicator of individual and 
population levels of stress and consequently, health (Armelagos et al., 1969; 
Bogin et al., 2002; Delemarre-van de Waal 1993; De Onis et al., 2006; Dreizen et 
al., 1967). This is because the growth process is highly plastic, enabling an 
organism to alter its growth trajectory, including timing and rate of 
development, to adapt to local environmental conditions, such as resource 
availability (Bateson et al., 2004; Bogin 1988; Bogin and Loucky 1997; Crespi 
and Denver 2005; Larsen 1997; West-Eberhard 1989; WHO 2006). Growth, for 
this thesis, involves continuous minor changes in size and form that occur 
during the developmental process (Scheuer and Black 2000). Development 
comprises a series of quantitative or qualitative changes that result in the 
transition from immaturity to maturity (Bogin 1988: 07).  
 








The period of human growth and development is one of the lengthiest 
relative to lifespan in comparison with other mammals and different 
biological systems develop at different rates (Bogin 1988; Kuzawa and Bragg 
2007). This extended process provides humans with a heightened growth 
sensitivity and thus, a greater ability to adapt to changing conditions (Bogin 
1988; Kuzawa and Bragg 2007). This ability to adapt to the environment is 
also dependent upon factors, such as nutritional status and genetic 
heterozygosity (Frisancho et al., 1970; Goodman et al., 1984a; Vercellotti et al., 
2014). Theoretically, poor conditions place strain on the growing organism, 
elevating physiological stress levels, leading to modifications of phenotypic 
features, such as height, and ultimately an adult phenotype best suited to 
survive those conditions (Bateson et al., 2004; Bogin and Loucky 1997; Crespi 
and Denver 2005; Hochberg 2011; Temple and Goodman 2014). Growth’s 
response to the environment through alterations of its trajectory leading to a 
different adult phenotype is known as ‘phenotypic plasticity,’ defined as the 
capacity of an individual genotype to develop more than one state of 
behaviour in response to the environment (West-Eberhard 1989: 249).  
 
Animal and human research correlates poor environmental conditions with a 
general growth response, such as reduced growth velocity, delayed 
attainment of biological milestones, including fertility, and a small adult form 
(Belachew et al., 2011; Bogin and Loucky 1997; Bogin et al., 2002; Duyar 2008; 
Dreizen et al., 1967; Frisch and Revelle 1971). However, a smaller adult size, as 
a result of adaptation to poor environmental circumstances, has been linked 
to negative consequences for human health. These costs include poor fertility 
and cognitive performance, greater disease risk, and a higher mortality rates, 
attributed to differences between genetic potential and phenotypic outcome 
(Barker 2004; Frisancho et al., 1970; Godfrey et al., 2011; Hack et al., 2002; 2003; 
Hochberg 2011; Vercellotti et al., 2014).  
 
Findings showing typical growth responses to poor conditions have led to the 
global application of anthropometric studies of growth by clinicians and 
bioarchaeologists as a measure of health (Armelagos et al., 1969; De Onis and 
Blössner 1997; WHO 2006). However, in bioarchaeology, the nature of 








studying growth from deceased immature individuals is limited as there are 
concerns regarding the strong link between poor health and mortality. For 
example, retarded growth is connected to poor health, and high mortality 
rates, or rather, those that were suffering from illness are more likely to have 
died (Wood et al., 1992). In bioarchaeology, growth studies do raise the 
question as to whether the research is an investigation of impaired health 
reflected in a poor growth profile (i.e. shorter height) or changes in mortality 
patterns over time (Wood et al., 1992). Genetic and epigenetic factors also 
affect vulnerability thresholds that lead to population and individual 
differences in mortality, both temporally and spatially (Yashin et al., 2001). 
Growth studies of survivors (e.g. adults) vs. immature individuals (non-
survivors) would enable further discussion of the growth and mortality 
question. For example, in the skeletal sample studied for this thesis in 
northern Chile, there are high numbers of infants and young children, typical 
of skeletal samples, linked to the hypothesis that the most vulnerable die 
earlier (Wood et al., 1992). As previously discussed in Chapter Two, this 
higher death rate in younger individuals in northern Chile may also be 
connected to higher arsenic levels and thus, greater infant mortality (Rahman 
et al., 2010).  
 
Growth responses to negative environmental conditions are also not uniform 
and factors that affect growth are numerous and highly inter-related. For 
example, the biological threshold at which growth responds to negative 
conditions may be influenced by factors, such as environmental adaptation or 
genetic make-up (Palmert et al., 2001; Silventoinen et al., 2008). This variation 
in ‘growth vulnerability’ can result in disparities between negative 
environment conditions and growth outcomes (Frisancho et al., 1970; Geary 
2015; Vercellotti et al., 2014). These differences in growth’s sensitivity 
threshold is a potential aspect that needs to be considered to increase the 
accuracy of health studies. Yet, there are is the added complexity of numerous 
factors that are known to influence human growth, including genetics, 
malnutrition, chronic infection, biological sex, socio-economic status, social 
status of parents, numbers of children the mother has already had, birth 
spacing, and physical activity, although the inter-related nature of these 








factors makes it difficult to determine which, if any, are responsible for 
negative growth (Conde-Agudelo et al., 2006; Bogin 1988; Da Silva et al., 2013; 
Frisancho et al., 1970; Geary 2015; Palmert et al., 2001; Silventoinen et al., 2008; 
Vercellotti et al., 2014). In some cases, the findings for the relationship 
between an influencing factor and growth outcome is mixed, depending on 
the population. For example, Conde-Agudelo et al. (2006) reviewed 57 studies 
investigating the impact of birth intervals on the nutrition of mother and 
infant, reporting that longer birth intervals were linked to a reduced risk of 
malnutrition in populations, but not always (Conde-Aguedelo et al., 2006). 
The authors note that in countries where a significant relationship was 
present between malnutrition and birth interval, other factors may be 
associated with the change, which were not accounted for (Conde-Aguedelo 
et al., 2006). In addition, many of the influences of growth quality cannot be 
identified in the past. Bioarchaeologists can assess sex from immature remains 
with some accuracy, socio-economic status from burial treatment, and 
physical activity from joint deterioration or evidence of tools. However, 
additional factors such as variations in breastfeeding practices, size of birth 
intervals, genetic factors, social expectations and practices can only be 
theorised about at this time, often based upon practices seen in modern 
hunter-gathering groups. Despite limitations of what can be identified in the 
past, and the discrepancies in growth’s response to the environment, growth 
is highly useful to studies of health in the past, acting as a measure of both 
individual and population health.  
 
Development can be separated into biological stages of growth, characterized 
by changes in the growth vulnerability of different biological systems relating 
to growth rate (see Section 3.2.2 below).  
 
3.2.2 Biological Stages of Growth in Humans 
Terminological differences between age categories, such as infancy, 
childhood, and adolescence, exist between research disciplines. These 
discrepancies are derived from differences in what is used to define biological 
stages of human growth, for instance, social treatment or biological 
milestones (Bogin 1988; Halcrow and Tayles 2008; Lewis 2007; Scheuer and 








Black 2000; Stoodley 2000). Importantly, the biological phases are affected by 
different environmental factors as discussed below (see Table 1.2 below for 
stages of human growth).  
 
 
Table 3.2: The biological age categories, definitions, and references that will be used in this thesis.  
Biological 
Age Category Definitions References 
Pre-natal Between fertilization and birth. Scheuer and Black 2000 
Infancy 
Between birth and the end of the first post-
natal year, aged from assessments of 
dental mineralization progress. 
Lewis (2007); Scheuer 
and Black (2000) 
Childhood 
From the second postnatal year to the 
onset of puberty (when sex hormones are 
released into the blood).  
Mensforth (1985) 
Adolescence 
From the onset of puberty when sex 
hormones are released into the blood, until 
the cessation of growth as indicated by the 
fusion of epiphyses and complete eruption 
of all dentition.  




3.2.2.1 Prenatal Growth  
Intra-uterine growth commences with a single cell and ends with a 42-week-
old foetus (AGNHMRC 2005; Bogin 1988; de Onis 2006). Sex differences are 
small (~one centimetre in length) at birth (Smith et al., 1976: 227). The foetus’s 
genetic makeup plays an important role in growth although maternal intra-
uterine conditions may restrict this potential (Bogin 1988). This assumption is 
based on the foetus’s maternal dependency for nutrition, and survival 
constraints that are placed on infant size related to birthing (Bogin 1988). 
Intra-uterine conditions, a proxy for maternal health, are the strongest 
influence on infant size and health (Leddy et al., 2008; de Onis 2006; Olsen 
2000; Robson 1978; Victora et al., 2008; Yessoufou and Moutairou 2011). Other 
factors that affect infant growth and health include foetal genetic makeup and 
maternal genetics. These intra-uterine conditions have a strong effect on the 
long-term health and development of a growing individual. Yet growth 
during subsequent stages can buffer against or reinforce the effects of intra-
uterine growth conditions.  








	 3.2.2.1 Infancy 
Infancy is the first year after birth, characterised by a complete dependence on 
adults, and marked growth increases in all dimensions (~50% height, ~180-
200% weight; Johnston 1986: 06). Neural growth is particularly rapid in size, 
and requires a significant amount of energy (Stiles and Jernigan 2010: 328). 
This heightened connectivity is necessary to modify the infant’s metabolism 
for environmental adaptation, to learn language, and for social practices 
(Bogin 1988; 1994; Kuzawa et al., 2014; Stiles and Jernigan 2010). Maternal 
health and thus intra-uterine conditions (measured by infant birth size), 
parent-infant interactions, genetic make-up, biological sex, post-natal 
conditions, and length of the breast-feeding period influence infant growth 
and long-term health (Johnston 1986; Levy-Marshal et al., 2004; Ozanne and 
Hales 1999: 615).  
  
               3.2.2.2 Childhood  
Childhood spans the period between the end of infancy and beginning of 
puberty (when sex hormones are released into the blood), characterised by the 
continued reliance on adults for care, reduced growth velocity (see Figure 3.7 
below), and a childhood growth spurt (Bogin 1988; Johnston 1986; Falkner 
and Tanner 1986; Kuzawa et al., 2014; Stiles and Jernigan 2010). Young 
children eat a basic diet of soft food, supplemented by breast-feeding until 
~three years of age in non-industrial societies, although weaning practices are 
highly variable (Bogin 1994: 705; Konner 2005; Sellen 2001). Physical and 
cognitive abilities change substantially as children learn to walk, speak, and 
express emotion (Bogin 1994). Growth during this developmental stage is 
affected by factors, including genetic makeup, nutritional status, and 
environmental (natural, social), and growth quality during previous stages 
(Bogin 1988; Johnston 1986; Wilson et al., 1998). 
 









Figure 3.7: Peak height velocity curves for both sexes, showing the decrease in linear growth velocity or 
stature in centimetres per year (taken from LeVay and Baldwin 2012: 284). 
 
 3.2.2.3 Adolescence 
Adolescence commences with sex hormones entering the blood and ends 
when adult maturity is attained, signalled by the cessation of growth, 
including the fusion of epiphyses, adult fertility, and complete occlusion of 
third permanent molars (Bogin 1994; 2011; Coleman 1969; Scheuer and Black 
2000), although pelvic growth continues into adulthood (Bogin 1994; 2011; 
Coleman 1969; Scheuer and Black 2000). This period of growth involves 
significant biological and social changes (Bogin 1994; 2011). Neural 
prioritisation during infancy and childhood leads to accelerated adolescent 
growth of other biological systems to make up for ‘lost time’ (Bogin 2001: 131; 
Falkner and Tanner 1986; Hamada and Udono 2002; Kuzawa et al., 2014). 
Thus, biological adolescence involves a growth spurt in all dimensions, 
fertility attainment, and development of secondary sexual characteristics 
(Abbassi 1998; Bogin 1988; 2011; Faust 1977; Johnston 1986). These changes in 








males and females are sexually dimorphic with females completing biological 
adolescence ~two years earlier than males. There is a delay of adolescence 
and the growth spurt in males, allowing more time for growth, necessary for 
the larger skeleton that is required to carry a heavier muscle mass (see Figure 
3.8 below; Bogin 2011) Adolescence is also marked by major social transitions, 
initiated by physical changes such as breast development, although a 
mismatch may exist between social expectations and biological development, 
negatively impacting on health (Owens and Hayden 1997; Schlegel and Barry 
1991). For example, adolescent mothers and infants have a higher mortality 
risk associated with birthing problems related to the narrow pelvic outlet due 
to delayed pelvic maturation (Coleman 1969; Conde-Agudelo et al., 2005; 
Owsley and Bradtmiller 1983). Therefore, sex-specific social treatments of 
adolescents between cultures and hierarchal levels of a society are important 
in considerations of growth findings (Owens and Hayden 1997; Schlegel and 
Barry 1991). 
 
Like earlier growth phases, the quality of adolescent growth has implications 
for long-term health, as poor adolescent growth is associated with small adult 
size, reduced cognitive abilities, productivity, and high mortality (Adair 2001; 
Bogin 2011; Norgan 2000).  
 
3.3 Growth Sensitivity as a Proxy for Health 
As previously discussed in Section 3.2.2, an awareness of the factors that 
affect growth’s sensitivity to the environment is important for this thesis, as 
growth is being assessed as a proxy for heath (Palmert and Boepple 2001; 
Silventoinen et al., 2008). However, it is difficult to investigate the genetic 
influences because they are still poorly understood. For example, Bogin and 
Loucky (1997) report the body proportions of modern Mayan children were 
not affected when linear growth was disturbed. Conversely, Bogin and 
colleagues (2002) showed that negative conditions did affect Mayan body 
proportions, with greater sensitivity shown by the lower limb. Genetic 
differences also cause natural dissimilarities in growth rate and tempo 
between any two individuals and through each stage of biological growth 
(Palmert and Boepple 2001; Silventoinen et al., 2008). 









Figure 3.8: The panels show the somatic/ mean skeletal growth velocity (height) in relation to the 
secondary sexual changes and attainment of fertility. The female order of the development of sexual 
maturation events is shown in the top panel (red). The velocity curves here have been calculated using 
the data from healthy, well-nourished individuals, living in Guatemala. Where CNS refers to the 
central nervous system, LH is luteinizing hormone, G2 is the genital maturation, PH2 is pubic hair, 
and G5 and PH5 are the adult stages of the genital and body hair development. Male order (bottom 
panel) (blue) of the development of several sexual maturation events: where CNS refers to the central 
nervous system, LH is luteinizing hormone, G2 is the genital maturation, PH2 is pubic hair, and G5 
and PH5 are the adult stages of the genital and body hair development. The roman numerals correlate 
with the clinical stages of adolescent growth, where (I) is pre-pubertal, (II) is acceleration, (III) is peak 
height velocity, (IV) is deceleration, and (V) is maturation (adapted from Bogin, 2011: 281 by Mr. 
Robert McPhee, University of Otago 2016. The changes involved adding colour to the lines (red for 
females, blue for males) as well as the numbering in Roman numerals to indicate where the different 












For example, adolescent growth has not been studied in bioarchaeology as 
frequently as infant and childhood growth because it is highly variable 
(Mensforth 1985). This discrepancy at both individual and population levels 
of adolescent growth led the World Health Organisation to recommend using 
two standard deviations on either side of a population’s average growth rate 
to identify any abnormalities (De Sanctis et al., 2014). Yet, these wide standard 
deviations may cause a loss of information as small growth disturbances are 
unidentified.  
 
There may also be challenges to interpreting growth quality. For example, 
low birth weight is usually an indicator of poor intra-uterine conditions, but 
this is not always true (Bogin et al., 1988; Hack et al., 2003; Olsen 2000; 
Yessoufou and Moutairou 2011). Foetal genetic make-up and maternal size 
also naturally influence infant birth weight, often leading to small but healthy 
infants (Bogin 1988). These factors make it difficult to determine how much of 
the infant’s size is related to poor intra-uterine conditions and how much is 
caused by genetics, etc. (Bogin 1988; Robson 1978). Further, catch-up growth, 
defined as, “increased velocity, which occurs in small children after a period of 
growth retardation” (Williams 1981: 89), may allow the normal growth rate to 
be recovered, often masking earlier environmental insult. For example, 
Cameron et al. (1988; 1990) investigated growth in coloured males and females 
in South Africa suffering from kwashiorkor. Their research shows that 
individuals whose growth was negatively affected by these conditions 
recovered when conditions improved allowing for catch-up growth to occur 
(Cameron et al., 1988; 1990). Yet, it is important to note that the relationship 
between catch-up growth and a return to the correct growth trajectory, 
allowing the optimal adult form to be attained, is complex (Jee et al., 2014; 
Raaijmakers et al., 2017; Steward 2012). For example, the severity of the initial 
growth disturbance, the timing of a return to improved conditions in the 
growth process, rate of catch-up growth, and the sustained improvement are 
important considerations (Jee et al., 2014; Raaijmakers et al., 2017; Steward 
2012). As Steward (2012) points out, pre-term infants that are underweight 
and experience the same growth rate as babies carried to full-term 
(15g/kg/day) may not return to their ideal birth weight percentile. Instead, 








catch-up growth needed to exceed normal growth rates (20-30g/kg/day; 
Steward 2012). Therefore, catch-up growth has to occur at a certain speed for 
an undefined period of time to allow the individual to completely recover 
their growth trajectory, although they are likely to struggle to return to their 
ideal weight throughout the growth process (Raaijmaakers et al., 2017; 
Steward 2012). For example, Raaijmaakers et al. (2017) studied 149 extremely 
low birth weight individuals, reporting that during adolescence, there were 
difficulties in reaching ideal weights that would cause problems in reaching 
an optimal final size. Equally, Jee and colleagues. (2014) reviewed research on 
malnutrition during childhood and adolescence, reporting that it did not 
significantly impact on the growth of different traits, especially cortical bone 
density in males. These findings highlight the variable nature of the 
relationship between catch-up growth and adult form. Accordingly, it is 
important to include aspects of development into growth studies that 
permanently capture records of earlier stresses, such as DDEs, so that periods 
of catch-up growth can potentially be identified.  
 
Finally, the magnitude of the influence an environmental factor has on 
growth depends upon when they act during this growth process (Geary 
2015). For example, during adolescence, males experience significant greater 
changes in linear height and muscle mass, compared to females, leading to a 
sex-related bias in vulnerability of these particular traits during this stage 
(Geary 2015). Sex-specific differences in growth’s sensitivity is also supported 
by findings of a greater male presence in groups suffering from severe 
medical and physical conditions (Ashorn et al., 2002; Assis et al., 1998; Geary 
2015; Washburn et al., 1965). X-chromosome differences and methylation of 
DNA at additional loci in females, permitting epigenetic modifications for 
environmental adaptation may be responsible for this sex-specific 
environmental vulnerability (Tobi et al., 2009: 4050). However, Geary (2015: 
03) cautions that the literature on sex-specific vulnerability is severely limited, 
stating, “it is also possible that sex differences for one especially vulnerable trait are 
over generalised to all traits, as seemed to have happened historically with boys’ early 
mortality risks and a general belief in male vulnerability.” Unfortunately, for this 
thesis, sex assessment cannot be carried out (discussed in Chapter Four), so 








sex-specific differences in growth vulnerability cannot be assessed. Yet, 
general analyses of growth responses will still be useful to studies of health. 
 
Environmental factors, such as social treatment, differ in their impact on the 
growth process depending upon timing, duration, and whether catch-up 
growth occurs with implications for growth quality and long-term health 
(Owens and Hayden 1997; Schlegel and Barry 1991). These influences and 
their impact on growth are reviewed in the following sections.  
 
3.3.1 Genetic Influences on Human Growth and Development 
Genetic factors influence growth’s sensitivity to the environment by affecting 
the prevalence of certain phenotypic traits (Carter and Marshall 1978; Frezal 
and Bonaiti-Pelle 1978; Geary 2015; Mendez 1985; Scheuer and Black 2000; 
Vercellotti et al., 2014). Growth’s sensitivity also involves modifications to the 
genetic regulation of growth throughout the process (Palmert et al., 2001; 
Silventoinen et al., 2008; Weedon and Frayling 2008). Approximately 80% of 
normal height variation is under genetic control, but little is known about 
these regulatory pathways (Weedon and Frayling 2008: 595). Research into 
the genetic control of linear growth, based on population and twin studies, 
show changes in genetic regulation during the growth process, by linking 
developing height and final stature (Carter and Marshall 1978; Power et al., 
1997; Smith et al., 1976; Tanner et al., 1956; Tanner et al., 1970). For example, 
Fischbein (1977) reports a high correlation (R=0.85) between growing height 
and final adult stature in monozygotic twins during infancy. Generally, the 
correlation between birth length and final stature is low (R=0.25) for both 
sexes, but increases until four years of age (R=0.81 for males; R=0.82 for 
females), before decreasing for the rest of childhood and adolescence in both 
sexes (R=0.50), then increasing again towards adulthood (Carter and Marshall 
1978; Power et al., 1997; Smith et al., 1976; Tanner et al., 1956; Tanner et al., 
1970). Sex-specific differences in growth rate result in a greater correlation 
between height and adult stature for males at 11 years of age, while the 
highest correlation in females is at 16 years of age (Power et al., 1997).  
 








 Bioarchaeologists account for these genetic differences between populations 
in growth rate is by developing growth studies that incorporate non-adults 
(non-survivors) and adults (survivors) into the study. The approach of 
including adults permit percentages of final height to be assessed to 
determine whether growing individuals were significantly shorter than their 
mature counterparts of similar ages in attaining a percentage of the sex-
specific average adult height. A variation of this approach can be used for all 
of the growth traits studied, including dental enamel defects, tooth crown 
sizes, long bone length, cortical thickness, etc. Comparisons of adults between 
the periods of cultural change discussed in Chapter Two, also allow survivor 
health and thus, environmental conditions to be compared. In addition, 
dental enamel defects, for example, could be studied to investigate differences 
in prevalence between survivors and non-survivors. Of course, caution is 
necessary, because these adults may not have suffered from the same 
influences affecting health as the immature individuals as they may not be 
from the same generation as the non-adult cohort.  
 
Differences between the sexes in timing and tempo of growth and changes in 
genetic control at different points in the process show that the genetic control 
has a close relationship with evolutionary forces that shape the growth 
process (Bogin 1988; 1994; Power et al., 1997).  
 
 3.3.2 Environmental Quality, Phenotypic Plasticity, and Growth 
Environmental factors influence each stage of growth with implications for 
long-term health; for example, studies link poor growth in utero with negative 
long-term health (Bogin 1988; Gluckman et al., 2005; Lechtig et al., 1975; 
Metcalfe and Monaghan 2001; Otten et al., 2015; Parsons et al., 2001). These 
influences can be divided into ‘natural,’ such as climate or resource 
availability, and ‘anthropogenic,’ including weaning practices, that positively 
or negatively affect growth (Cairns 2013: 59). These influences are often inter-
related making it difficult to directly identify causes of growth disturbances in 
health studies (as discussed in Chapter Two). Environmental factors affect 
gene expression through DNA methylation, leading to modifications of 
phenotypic traits, such as height, weight, and growth rate. These alterations 








have health costs if there is a mismatch between phenotypic traits, such as 
size and metabolism, and the environment (Bateson et al., 2004; Bogin 1988; 
Cairns 2013; Crespi and Denver 2005; Gluckman et al., 2005; Reitsema and 
Mcllvaine 2014; Tobi et al., 2009).  
 
3.4 Physiological Stress Indicators as Measures of Health 
This section outlines the uses and challenges of examining stress indicators as 
measures of health in the bioarchaeological context as they are important for 
this thesis.  
 
Using stress indicators as proxies for health involves the assumption that the 
high prevalence of a single indicator, such as linear enamel hypoplasias 
(LEH), directly correlates with poor health (Temple and Goodman 2014). Yet, 
health is more complex, involving genetic and epigenetic factors, at both 
individual and population levels (Temple and Goodman 2014). For example, 
as previously mentioned in Chapter Two, an entire 2014 issue of the 
American Journal of Physical Anthropology was dedicated to addressing the 
relationship between stress and health in both living and past populations 
(Klaus 2014; Piperata et al., 2014; Reitsema and Mcllvaine 2014; Temple and 
Goodman 2014). In this issue, Temple and Goodman’s (2014: 03) review of 
stress-related studies notes ‘health’ is only mentioned in the third iteration of 
Goodman and colleagues’ stress model (see Chapter Two: Figure 2.1). 
‘Health’ is also absent from one of bioarchaeology’s seminal volumes, 
“Paleopathology at the Origins of Agriculture,” containing twenty-one studies 
investigating the prevalence of stress indicators across the agricultural 
transition in prehistory (Temple and Goodman 2014). Instead, earlier research 
interprets stress indicators in the context of mortality rate, stress, and disease 
prevalence, rather than linking them to general health, as this term is 
ambiguous and non-uniformly defined (Reitsema and Mcllvaine 2014). The 
World Health Organisation’s (1948: 100; see Chapter One) description of 
health is widely-accepted, but Reitsema and Mcllvaine (2014: 181) suggest 
that for many researchers, the definition of health is vague as a, “holistic 
concept used colloquially to encompass elements of quality of life.” This unclear 








concept of health creates challenges in investigations of the relationship 
between health and stress.  
 
In bioarchaeology, physical health may be assessed through investigations of 
archaeological evidence for environmental quality, or socioeconomic status. 
Findings from analyses of stress indicators, however, do not always correlate 
with the archaeological evidence (Piperata et al., 2014; Ribot and Roberts 1996; 
Zakrzewski 2003). For example, subsistence practices, such as agriculture, are 
linked to health quality. In ancient Sudan, adult stature and anaemia suggest 
that agriculturalists suffered from malnutrition, which led to reduced cortical 
thickness of the long bones. However, the linear growth remained unaffected, 
which may have been because of the prioritisation of linear growth at the 
expense of cortical thickness. It is also possible that irrigation practices did not 
impact on environmental conditions severe enough to cause linear growth 
disturbances (Armelagos et al., 1969; Martin et al., 1984; Rudney 1983). In 
coastal southern Peru, Benfer (1984; 1990) found that dental wear rates 
increased over time, consistent with a greater maritime reliance by the 
agriculturalists. There were also no significant changes in the frequency of 
infectious lesions, and dental asymmetry over time, suggesting stable health 
(Benfer 1984; 1990). Stature increased in both sexes with the development of 
agriculture in this region (Benfer 1984; 1990), indicating improved health with 
a subsistence change that is normally associated with health deterioration.  
 
This variation in stress indicator presentation makes it necessary to study 
multiple indicators to assess health quality. Prolonged periods of 
physiological stress are also accepted as an indicator of poor health (Temple 
and Goodman 2014). However, the non-linear correlation between prevalence 
of stress indicators and perceptions of health quality must be considered 
(Piperata et al., 2014; Ribot and Roberts 1996). That is to say, that people with 
stress indicators may not all be experiencing ill health in the same way 
(Ameen et al., 2005; Piontek et al., 2001; Ribot and Roberts 1996; Saunders and 
Hoppa 1993).  
 








Because this thesis focuses on growth disturbances as measures of poor 
health, the rest of this chapter concentrates on current literature surrounding 
growth research in bioarchaeology, growth’s responses to the environment, 
and growth’s sensitivity as a proxy for health, to discuss the value of using 
growth as a measure of health.  
 
3.5 Growth Research in Bioarchaeology 
Numbers of growth studies in bioarchaeology has steadily increased over the 
past two decades as the value of immature individuals to health research has 
been realised (Halcrow and Tayles 2008). Bioarchaeologists usually have only 
skeletal and dental remains to study, reducing options for assessing growth 
responses as measures for health (Cardoso 2007). As a result, growth research 
has focused on linear growth through measurements of long bones, while 
other aspects of skeletal growth such as the fluctuating asymmetry of long 
bones, and cortical thickness, and vertebral dimensions have been less often 
investigated but are useful (Armelagos et al., 1969; Auerbach and Ruff 2006; 
DeLeon 2007; Geber 2014; Jantz and Owsley 1984; Saunders and Hoppa 1993; 
Mays 1985). For example, non-specific measurements of the anterior-posterior 
and transverse dimensions of the neural canal in vertebrae (Clark et al., 1986; 
1988; Watt 2011; 2013a; b). Recently, these dimensions have been investigated 
in immature individuals as a proxy for growth and development in 96 
immature individuals and 40 adults from two medieval sites in Great Britain. 
This study involved measurements of vertebral height and transverse 
diameter and findings suggest that measurements of the vertebrae are useful 
to studies of growth as a measure of health (Newman and Gowland 2015).  
 
Growth studies in bioarchaeology also suffer from general challenges, such as 
non-survivor vs. survivor health biases (osteological paradox), disparities 
between modern and ancient growth patterns, the inability to accurately 
assess sex from immature remains, and issues involving age estimation 
techniques. Interpretation of growth findings should be carried out in the 
context of these various issues and will be discussed further below (Lewis 
2007; Sutter 2003; Weaver 1980; Wood et al., 1992). The rest of this section 








discusses studies of growth and agriculture in bioarchaeology, before dealing 
with issues in the way they relate to growth studies.  
 
3.5.1 The Osteological Paradox and Interpretations of Health 
Wood and colleagues’ (1992) early paper on the so-called osteological paradox 
describes a number of issues facing bioarchaeologists trying to reconstruct 
paleodemographic and paleopathological trends. These limitations that are 
described by the osteological paradox, including the representativeness of 
cemetery samples, are particularly noticeable in immature skeletal samples, 
such as this collection from northern Chile. These concerns include ‘hidden 
heterogeneity’ in individual vulnerability, referring to an unknown genetic 
component that affects susceptibility to infection, disease, and thus, death 
(Wood et al., 1992). A second issue relates to selective mortality or simply, the 
fact that the sample studied does not accurately represent the populations 
that it is derived from (Wood et al., 1992). This misrepresentation could be the 
result of many factors when dealing with immature individuals, including 
mortality bias affecting growth and stress profiles of the young individuals 
recovered. Another factor could be the archaeological bias over what survives 
in the burial environment, and what is recovered. For example, many skeletal 
collections, such as this one in Chile, have immature individuals represented 
by the skull only. This bias arose during early archaeological practices when 
the skull was considered the only useful part of the skeleton for study. 
Finally, population are not static, so factors, such as migration and fertility, 
affect representation in cemetery samples (DeWitte and Stojanowski 2015; 
Wood et al., 1992; Siek 2013; Wright and Yoder 2003). The osteological 
paradox paper by Wood and colleagues (1992), despite having flaws, such as 
the assumption that each individual is subject to the same number of 
stressors, or that the stressors affect mortality, has shaped how 
bioarchaeologists interpret health in the past (DeWitte and Stojanowski 2015).  
 
Arguably, the most easily identifiable issue that the osteological paradox 
raises relates to reconstruction of earlier demographic and health changes 
through studies of dead individuals and their representativeness of past 
populations (DeWitte and Stojanowski 2015). This approach of using skeletal 








samples to represent the health of past populations in bioarchaeology can be 
problematic, especially for growth studies. For example, those who died 
earlier, such as the infants and young children, may appear healthier because 
skeletal lesions associated with poor health have not had time to develop 
(Saunders and Hoppa 1993; Wood et al., 1992). Conversely, those who lived 
for longer may have had more time for lesion development. In these cases, 
lesions can be indicative of better, rather than worse health, because the 
person has survived long enough for them to occur, indicating underlying 
good health factors, such as a strong immune response (DeWitte and 
Stojanowski 2015; Saunders and Hoppa 1993; Wood et al., 1992; Wright and 
Yoder 2003). As previously discussed in Section 3.2.1, there are challenges to 
growth studies of deceased immature individuals as strong correlations exist 
between poor health and mortality (Wood et al., 1992). Because of this 
relationship between poor health, manifesting in reduced linear growth for 
example, and death, one concern for bioarchaeologists is that the sample is 
more reflective of a mortality trends, rather than health patterns. Studies of 
ancient remains can be carried out to incorporate comparisons of non-adults 
(non-survivors) and adults (survivors) of these negative conditions to assess 
whether there are similarities in linear enamel frequencies, for example, to 
ascertain whether the findings are indeed the result of a mortality pattern, or 
in fact representative of health. This depiction of health, suggested by the 
osteological paradox, is vital for interpretations of growth findings. Some 
aspects of growth, including dental enamel defects, leave a permanent record 
of growth disturbances, allowing the researcher to discuss the previously 
mentioned dilemma for better vs. poorer health with the frequency of these 
defects (Wood et al., 1992). This representation of health can also be applied to 
linear and cortical growth. For example, a shorter child may indicate poor 
growing conditions, both in utero and early childhood (Bogin 1988; 2001; 
Geary 2015). However, these findings may suggest that growth was only 
affected during childhood and that growth disturbances are masked by later 
catch-up growth.  
 
Factors, including migration and fertility, affect population sizes, and we 
cannot accurately reconstruct these patterns in archaeological populations, 








adding to the representation issue (Wood et al., 1992). This problem 
contributes to the impossibility of determining how accurately a skeletal 
sample represents the population they are from (Wood et al., 1992). One of the 
immediate issues involves using individuals that may have lived hundreds of 
years apart to represent one population as they were discovered in a single 
cemetery (Alfonso et al., 2007). The issues regarding the representation of 
population demography and health cannot be overcome in bioarchaeology, as 
the archaeological record is unavoidable fragmentary, but important 
information about past health can be gathered despite these limitations.  
 
The second component of the osteological paradox that Wood et al. (1992) 
discuss is ‘hidden heterogeneity,’ and its implications for host vulnerability, 
selective mortality, and thus, interpretations of health. ‘Hidden heterogeneity’ is 
defined as, “hidden differences in survival changes of individuals in a population” 
(Yashin et al., 2001: 01). This variation has arisen over generations through 
living in different environmental conditions from variation in nutritional 
status, and disease exposure (DeWitte and Stojanowski 2015). Other sources 
of heterogeneity can be easily identified (e.g. biological sex), and it is 
important to consider these factors when interpreting health findings in 
bioarchaeology. This is because, when statistically controlled for, nuances in 
the health of sub-groups within a population can be revealed (DeWitte and 
Stojanowski 2015). Male-female health in sub-adult samples is an example of 
where controlling for heterogeneity is important. Holland (2013), for example, 
studied non-survivor and survivor health through analyses of long bone 
length, cribra orbitalia, scurvy indicators, and periosteal lesions in a known-
sex historic sample. This study showed that survival and lesion frequency 
was related to sex (Holland 2013). When sex is known for immature remains, 
female adults (or those that survived the childhood) display greater 
prevalence of stress indicators than females that did not childhood (the 
converse was true for males). These results show that males are more 
susceptible to negative environmental conditions and earlier mortality than 
females (Holland 2013). However, it is rare to have known sex of immature 
individuals in pre-historic skeletal samples, and it is largely unknown in 
ancient assemblages as osteological methods cannot gauge sex of immature 








remains with accuracy (Lewis 2007). The heterogeneous nature of human 
responses to their environment, and thus the repercussions for health, is not 
always identifiable either. Since the publication of the osteological paradox 
twenty-five years ago, research in genetics, and human biology have revealed 
additional ‘hidden heterogeneity’ factors, such as epigenetics, which have 
consequences for our understanding of health (DeWitte and Stojanowski 
2015).  
 
No two individuals of the same biological age or sex have equal probability of 
death. Therefore, hidden heterogeneity can contribute to selective mortality 
and thus, interpretations of health from archaeological samples (DeWitte and 
Stojanowski 2015; Wood et al., 1992).  
 
‘Selective mortality,’ is defined as, “the fact that individuals who die at a given age 
are unlikely to be representative of the entire living population’s risk of death at that 
age” (DeWitte and Stojanowski 2015: 406). As bioarchaeologists only study 
skeletal samples, it is likely that selective mortality permeates through health 
studies across this discipline. Epigenetics involves changes in gene expression 
that allow an individual to adapt to their environmental conditions without 
changes occurring to their DNA (DeWitte and Stojanowski 2015). These 
changes are complex and currently poorly understood in living populations 
and as a result have not been well incorporated into bioarchaeological models 
for health in the past. Gowland (2015) has proposed practical and theoretical 
ways that we can incorporate these influences on health into bioarchaeology. 
These factors collectively pose limitations on health studies in bioarchaeology 
that need to be considered when interpreting health findings. Other 
limitations include representation of biological growth stages, and modern vs. 
ancient growth patterns. 
 
 3.5.2 Adolescents in Growth Studies 
‘Selective mortality’ involves the idea that no two individuals are equally 
vulnerable to mortality and the more vulnerable die earlier (Wood et al., 
1992). Consequently, skeletal samples contain high numbers of infants, and 
young children, and lower numbers of older children and adolescents. These 








sample sizes have led researchers to focus growth studies on infants and 
young children, while adolescents have been largely overlooked (Shapland 
and Lewis 2013). Variation in adolescent growth rate, and commencement of 
epiphyseal fusion of the long bones, making it difficult to compare diaphyseal 
lengths with infants and children, as well as challenges in identifying the 
onset of puberty have attributed to a scarcity of adolescent research in 
bioarchaeology (Buenen et al., 2000; Bhalla et al., 1983; Mensforth 1985). When 
adolescence is studied, 10.5 years is often accepted as the starting age of 
adolescence, when linear growth becomes more unpredictable (Mensforth 
1985). 
 
Recently, radiographic techniques enabling phases of biological adolescence 
to be identified from the development of individual skeletal and dental 
elements have been used for dry bone (Shapland and Lewis 2013; 2014). These 
elements used as indicators of adolescence are not always present because 
many of them are small and fragile, such as the iliac crest epiphysis. Despite 
the limitations of studying adolescent remains, they provide valuable 
information on health in the past. This is because the quality of adolescent 
growth is largely linked to overall adult health and productivity (Court et al., 
2009; Conde-Aguelo et al., 2005; Martorell, 1999).  
 
3.5.3 Modern vs. Ancient Population Differences in Growth Patterns 
One important assumption in bioarchaeology is that growth patterns have 
remained similar over time, allowing methods developed on modern 
populations to be applied to ancient samples (Halcrow et al., 2007). However, 
studies of modern populations show that the human growth rate is highly 
variable due to differences in genetic regulation (Duarte de Silva et al., 2013; 
Palmert et al., 2001; Silventoinen et al., 2008). Steggerda et al. (1942) illustrate 
this variation in genetic regulation of growth by reporting differences in the 
timing of permanent tooth eruption between European descendants, 
American blacks, Native Americans, and modern Mayans. There have also 
been findings for ‘trends’ in human growth and development (Malina 2004; 
Roche 1979). For example, Roche (1979) reports changes in body proportion, 
such as leg length relative to height, which seems to have increased in 








American men over the last 50 to 100 years. These findings are attributed to 
improvements in environment and diet. It is also possible that such trends 
occurred in the past but would be undetectable from skeletal samples. As 
there is modern evidence for changes to growth over just a few generations, 
variation, such as that seen in the association between dental and skeletal 
development, must exist between modern and past populations. These 
differences in growth patterns may extend to the relationship between hard 
and soft tissues. For example, elements used to identify distinct phases of 
biological adolescence may not be as accurate for ancient skeletal samples as 
they are for modern individuals (Bogin 1994; 2011). Yet, to investigate 
changes in relationships between rates of development of body systems, 
variation in genetic control of these processes between populations, the sexes, 
and any two individuals, have to be considered, which can be difficult to do.  
 
Differences in growth patterns affect the accuracy of age estimation 
techniques developed on modern populations and applied to archaeological 
samples (Duarte de Silva et al., 2013; Halcrow et al., 2007; Scheuer and Black 
2000). These techniques contain inherent biases regarding the relationship 
between biological development and chronological age, based on the sample 
they were derived from (Duarte de Silva et al., 2013; Halcrow et al., 2007). 
Where biological age is the state of physical development, for example, tooth 
mineralization progress or long bone length, while chronological age is the 
number of years a person has lived. These biases within the methods may be 
developed as contemporary studies use chronological age rather than 
biological age when developing new techniques. Biases in these age 
estimation techniques used on ancient populations will be introduced into 
growth research and potentially impacting on interpretations of health. These 
issues are unavoidable but an awareness of these limitations is important 
when interpreting health in past populations. For this thesis, Moorrees and 
colleagues (1963a; b) technique will be used and the limitations are discussed 
in Chapter Four.  
 








 3.5.4 Sex Assessment from Immature Remains 
Sex-specific differences in growth rate linked to sexual dimorphism increase 
with age, culminating with females entering and completing adolescent 
growth two years earlier than males (Bailit and Hunt 1964; Black 1978; Bogin 
1988; 1994; Falkner and Tanner 1986). Sex estimation from immature remains 
in bioarchaeology would enable identification of sex-specific differences in 
growth’s response to the environment, social treatment, and mortality (Lewis 
2007). However, the application of techniques for the assessment of sex from 
skeletal material before adolescence is controversial across multiple 
disciplines. This is because sexual dimorphism of the skeleton has long been 
thought to only become apparent during adolescence when sex-specific 
changes occur in relation to elevated sex hormone levels in the blood (Falkner 
and Tanner 1986; Lewis 2007). Researchers have applied similar techniques to 
those for sex assessment in adults to immature remains with little success, 
suggested to be linked to the delayed appearance of sexual dimorphism until 
adolescence (Buikstra and Miekle 1985; Holcomb and Konigsberg 1995; 
Schutkowski 1993; Weaver 1980). The postponed appearance of sexual 
dimorphism has meant researchers have been unable to reliably assess sex 
from immature remains consistently (Buikstra and Miekle 1985; Cardoso and 
Saunders 2008; Holcomb and Konigsberg 1995; Schutkowski 1993; Sutter 2003; 
Weaver 1980; Wilson et al., 2008). For example, Holcomb and Konigsberg 
(1995) examined the sciatic notch in 133 fetal ilia of known age and sex from 
the Trotter collection, reporting significant sexual dimorphism in width, but 
not depth, of the notch. Their approach provided an overall accuracy of 
63.1%, although it was more accurate in males (77.6%) than females (45.5%; 
Holcomb and Konigsberg 1995). Sutter (2003) also used the sciatic notch to 
assess sex in 85 immature individuals from this Chilean skeletal sample, 
reporting that use of the angle of the sciatic notch (80.7%), and depth of the 
sciatic notch (79.0%) were reasonably accurate for sex assessment. Yet, only 
the depth of the notch was consistent in individuals between birth and five 
years (81.5%), highlighting inter-population variability, and differences 
between biological stages of growth (Sutter 2003). Dissimilarities in accuracy 
of sex assessments have also been reported between populations, ancestral 
groups, and children of different ages, yet progress has been made in 








developing techniques with greater accuracy (Cardoso and Saunders 2008; 
Holcomb and Konigsberg 1995; Molleson and Cruse 1998; Schutkowski 1993; 
Sutter 2003; Weaver 1980; Wilson et al., 2008; Wilson et al., 2014).  
 
Recently, sex assessment methods in immature individuals, using the pelvis, 
mandible, and humerus, have shown promise with >80% accuracy (Cardoso 
and Saunders 2008; Rogers 2009; Wilson et al., 2008; 2014). For example, 
Rogers (2009) showed that the distal aspect of the humerus can be assessed 
with 81% accuracy to determine sex in a collection of 42 individuals from 
Lisbon (n=35) and Spitalfields (UK; n=7). However, Cardoso and Saunders 
(2008) studied traits of the ilia of 97 skeletons (<15 years) from the Lisbon 
collection in Portugal, citing low accuracy rates for the three observers 
recording the sexes (26.7- 52.6%). These findings suggest that morphological 
variation and a lack of association between expressed traits and sex were 
responsible (Cardoso and Saunders 2008). Finally, Wilson et al. (2014) used a 
geometric morphometric to remove the factor of size to focus on ilia shape in 
191 individuals from Portugal and the U.K. (known age: 0-17 years; and sex). 
These findings demonstrate a disconnect between size and shape of the ilia in 
males and females with each being defined by inter-population, sex-specific 
non-linear trajectories with faster rates of growth in females (Wilson et al., 
2014). Most importantly, their findings suggest that certain traits are better 
suited for specific age groups, leading to greater accuracies of sex assessment 
in immature individuals (Wilson et al., 2014). However, a lack of literature 
exists as to which feature and method of assessment works most accurately 
for each biological age category, and whether this is the same across different 
populations. Because of these limitations to sex assessment from immature 
remains, sex assessment will not be attempted for this thesis. 
 
3.6 Global Findings for Human Growth Quality with Agriculture 
This section reviews the current literature on growth as a proxy for health 
with the development and intensification of agriculture. These studies 
(summarised below in Table 3.3) focus on aspects of growth, for example, 
dental enamel defects. A review of these findings helps to assimilate the 
current literature on the relationship between growth and agriculture, and to 








put the findings of this thesis into context. The research is discussed by region, 
as similarities in natural resources, social practices, and types of domesticated 
crops, may have led to comparable changes in health.  
 
 3.6.1 Growth and Agriculture in Africa 
Research on agriculture and human growth in Africa has focused on the 
ancient Egypt and Sudan (see Table 3.3; Armelagos et al., 1969; Greene 1969; 
Martin et al., 1984; Mukhtār 2001; Rudney 1983; Starling and Stock 2007; 
Zakrzewski 2003). Early agriculture in Egypt, linked to greater food 
availability, improved linear growth in these populations (Zakrzewski 2003). 
Conversely, findings for linear enamel hypoplasia suggest this was a period 
of significant growth disturbance and stress, improving over time with village 
formation and trade (Starling and Stock 2007). In Sudan, malnutrition in 
agriculturalists led to the prioritisation of linear growth at the expense of 
cortical thickness (decreased over time; Armelagos et al., 1969; Martin et al., 
1984). Conditions may also not have deteriorated enough with irrigation 
practices in Sudan as to introduce linear growth disturbances (Armelagos et 
al., 1969). Linear growth in Sudan then improved as irrigation practices and 
thus, helminth disease exposure, declined (Rudney 1983). Tooth size also 
decreased with agriculture in Sudan, suggesting health deteriorated (Martin 
et al., 1984; Rudney 1983). 
 
 3.6.2 Agriculture and Growth in North America 
The research on human health and agriculture in North America focuses on 
the Central Ohio River Valley, Illinois region (Lower River Valley), the 
Dickson Mound, coastal Georgia, Florida, northern Carolina, and California 
(see Table 3.3 below; Cassidy 1984; Cook 1984; 2007; Dickel et al., 1984; 
Goodman et al., 1984b; Hutchinson et al., 2007; Larsen et al., 1984; 2007; 
Perzigian et al., 1984). At the Dickson Mound, Bridget et al. (1989) show that 
the mid-shaft circumferences of the femur, tibia, radius, and ulna are 
significantly larger in agriculturalists (P<0.05). Cortical thickness did not 
increase with this greater bone size, rather trabecular thickness and location 
changed to accommodate biomechanical forces. Linear enamel hypoplasias 








rates increased with agriculture in Illinois, California, and the Campbell and 
Larson sites in Kentucky, while they declined in permanent teeth in the 
Central Ohio River Valley (Cassidy 1984; Cook 1984; 2007; Dickel et al., 1984; 
Goodman et al., 1984b; Perzigian 1977; Perzigian et al., 1984). These findings 
suggest there were higher stress levels with agriculture, although aspects of 
health improved, highlighting the complex relationship between agriculture 
and health (Cook 1984; 2007; Goodman et al., 1984b). 
 
3.6.3 Agriculture and Growth in Central and South America 
Studies of growth have focused on different sites in Mesoamerica, Chile, and 
Peru (Alfonso et al., 2007; Hodges 1987; Marquez Morfin and Storey 2007; 
Ubelaker 1984). Linear enamel hypoplasia (LEH) rates increased in northern 
Chile, suggesting agriculturalists experienced greater levels of stress (Alfonso 
et al., 2007). In Mesoamerica, linear enamel hypoplasia prevalence increased 
with the intensification of agriculture, rather than the development (Marquez 
Morfin and Storey 2007; Ubelaker 1984). There were no significant changes in 
the prevalence of enamel hypoplasias with the intensification of agriculture in 
the Oaxaca Valley, Mexico (Hodges 1987). Finally, in southern Peru, there 
were no significant changes in dental asymmetry over time, suggesting 
consistent and stable health. Findings health change with agriculture in this 
region are also mixed. Further, health change with the intensification rather 
than development of agriculture suggests that social changes necessary for 
the intensification process had a detrimental impact on health (Hodges 1987).  
 
3.6.4 Agriculture and Growth in Asia 
Growth studies with agriculture in this region focus on South Asia, the 
Deccan Platea, India, and north-eastern Thailand (see Table 3.3; Clarke et al., 
2014; Domett and Tayles 2007; Dhavale et al., 2017; Pietrusewsky and Toomay 
2001; Toomay and Pietrusewsky 2007). Findings from north-east Thailand 
show that linear and appositional growth were not disturbed with agriculture 
at certain locations, while it improved at others (Clarke et al., 2014; Dhavale et 
al., 2017; Domett and Tayles 2007; Halcrow 2006; Pietrusewsky and Toomay 
2001). Changes in crown size and LEH rates with agriculture are also mixed. 








In India, permanent dentition exhibited an increase in tooth crown size, while 
the deciduous dentition showed no change (Lukacs 2007). LEH rates in India 
also were constant in permanent teeth, while those in deciduous teeth 
decreased significantly (Lukacs 2007). LEH rates also declined in north-
eastern Thailand (Toomay and Pietrusewsky 2007), with Domett and Tayles 
going as fara as to note its complete absence in deciduous dentition. 
Conversely, LEH rates increased with agriculture in South Asia (Kennedy 
1984). Tooth crown size also decreased in the permanent teeth of both sexes 
across the agricultural transition in South Asia (Kennedy 1984).  
 
 3.6.5 Agriculture and Growth in Europe and the Mediterranean 
Studies of growth and agriculture in Europe and the Mediterranean include 
locations in western and central Europe, the eastern Mediterranean, and Great 
Britain (Meiklejohn et al., 1984; Pinhasi and Meiklejohn 2011b; Roberts and 
Cox 2007; Smith et al., 1984). LEH rates increased with agriculture in the 
eastern Mediterranean (Smith et al., 1984). In Great Britain, LEH rates were 
constant across the transition to agriculture before increasing with the 
intensification of agriculture (Roberts and Cox 2007). Pinhasi and Meiklejohn 
(2011) studied mean dental crown size in central Europe, showing there was a 
decrease across the agricultural transition, suggesting health deteriorated.  
 
Findings for the response of growth to the development and intensification of 
agriculture is mixed. In some locales, aspects of growth indicate that health 
improved with the development of agriculture. For example, in ancient 
Egypt, linear growth improved with agriculture suggesting better health, 
while rates of linear enamel hypoplasia also increased indicating high stress 
levels in these agricultural populations (Starling and Stock 2007; Zakrzewski 
2003). The contradictory nature of these findings is difficult to ascertain. It is 
possible that it is easier to disrupt ameloblasts functions compared with the 
cartilage cells of growth plates (linear growth is prioritised at the expense of 
cortical growth for example) leading to the differences in these findings. The 
osteological paradox also makes the suggestion that higher rates of LEH can 
be an indicator of better health as populations survived these episodes of poor 
health, causing challenges to interpretations of health (Wood et al., 1992). 








Differences in growth findings between different regions are present and may 
be linked to important social, cultural, and ecological disparities between 
these various regions across the world. 
 
3.7 Chapter Summary: Human Growth as a Stress Indicator 
Human growth is a lengthy process, relative to lifespan, in comparison with 
other mammals and primates (Bogin 1988; Kuzawa et al., 2014). Because of its 
extended nature, human growth is highly sensitive to environmental 
conditions, making it useful as a proxy for health (Belachew et al., 2011; Bogin 
and Loucky 1997; Bogin et al., 2002; Duyar 2008; Dreizen et al., 1967; Frisch 
and Revelle 1971). For example, growth usually appears to respond in a 
predictable and identifiable manner to poor environmental conditions where 
the effects of negative growth conditions are linked to long-term health 
consequences, including poor immunity and fertility (Bogin 1988; Gluckman 
et al., 2005; Lechtig et al., 1975; Metcalf and Monaghan 2001; Otten et al., 2015; 
Parsons et al., 2001). Yet, longitudinal studies of human growth also show that 
normal variation in growth rate, including the timing and tempo, is 
considerable, making growth disturbances difficult to identify. This is 
especially difficult as early environmental insults might be followed by 
improved conditions allowing catch-up growth to occur (Williams 1981). 
Despite this normal variation, humans experience the same basic growth 
pattern that researchers have separated into biological age categories based on 
biological milestones and growth trajectories (Bogin 1988; Lewis 2007; LeVay 
and Baldwin 2012).  
 
Growth rate of different phenotypic traits, such as height and muscle mass, 
also vary between biological age categories and is sex-specific (Tanner et al., 
1966; Tanner and Davis 1985). These disparities in developmental tempo of 
phenotypic traits are related to alterations in genetic control, illustrated by 
correlations between linear growth and final adult stature at different points 
in the growth process (Tanner et al., 1966; Tanner and Davis 1985). Variation 
in genetic control and mechanisms responsible for environmental adaptations 
affect individual susceptibility to environmental adaptations affect individual 








susceptibility to environmental conditions and prevalence of different traits 
within a population (Geary 2015). 








Table 3.3:	The study, location of skeletal sample and the name of the site and no of individuals for each site, the numbers of hunter-gatherers and agriculturalists studied, 
growth measures used, and general summary of overall health findings.	
Study Location (Cultural Periods) No. Of Individuals Health Measures* Health Findings 
Africa 
Armelagos et al. (1969) Ancient Sudan (Meroitic - Christian) 115 
Long bone length, 
femoral cortical 
involution 
No evidence of health 
deterioration over time 
Rudney (1983) Ancient Sudan (Meroitic - X-Group) 
114  
(teeth) Dental enamel defects 
 Improved health with 
agriculture 
Zakrzewski (2003) Ancient Egypt (Badarian - MK) 150 
Long bone length, body 
proportions  Improved health with 




Cassidy (1984) Central Ohio River Valley 3,511 
Tooth wear, osteoporosis, 
enamel hypoplasias 
Health deteriorated with 
agriculture 





length, clavicle length 
Health deteriorated with 
agriculture 
Cook (1984; 2007) 
Lower Illinois Valley 
(Middle Archaic - Early 
Mississippian) 
461 
Linear growth, adult 
stature, sexual 
dimorphism, cortical 
bone, linear enamel 
hypoplasia 
Health deteriorated with 
agricultural intensification 








Goodman et al. (1984a) Dickson Mound, Illinois 595 




infectious and traumatic 
lesions 
Health deteriorated with 
agriculture 
Larsen et al. (1984; 2007) Georgia and Florida Not specified 
Porotic hyperostosis, 
cribra orbitalia, periosteal 
lesions, enamel 
hypoplasias, body size  
Some aspects of health 
deteriorated with 
agricultural intensification 
Dickel et al. (1984) Prehistoric California (Early to Late Complex) 169 




Sustained health with 
agriculture 
Hutchinson et al. (2007) Northern Carolina 740 




Improved health with 
agriculture 
Bridges et al. (1989) 
Southeastern United 
States 
(Archaic to Mississippian) 
1,937 
Long bone length & 
circumference, cortical 
thickness 





and South Dakota 
394 Fluctuating dental crown asymmetry 
Fluctuating dental crown 
asymmetry decreases 
across the agricultural 
transition 
Central and South America 
Alfonso et al. (2007) Northern Chile (Archaic, Formative) 526 
Dental caries, wear, ante-
mortem tooth loss, 
enamel hypoplasias 
Health deteriorated with 
agriculture 
Benfer (1984) Southern Peru (400/600 to 200 levels) 152 
Dental wear, dental 
asymmetry, stature, 
osteitis and periostitis 
Improved/stabilised 
health with agriculture 








Benfer (1990) Southern Peru (400/600 to 200 levels) 201 
Stature, anaemia, 
infectious lesions, dental 
wear 
Improved/stabilised 
health with agriculture 













Periosteal lesions, cribra 
orbitalia, dental enamel 
hypoplasias 
No significant changes in 
health 
Marquez Morfin and 
Storey 2007 
Mesoamerica 
(Early Village – Regional 
Centre) 
499 
Tibia infections, linear 
enamel hypoplasias, 
porotic hyperostosis 
Health deteriorated with 
agricultural intensification 
Asia 
Kennedy (1984) South Asia 1,700 
Stature, tooth size, linear 
enamel hypoplasias, 
skeletal and dental 
paleopathology 




(Farmers to Foragers: 
Inamgaon site) 
220 
Dental caries, linear 
enamel hypoplasias, 
tooth crown size 
Health improved with the 
transition to foraging 
from agriculture 
Domett and Tayles (2007) North-eastern Thailand 130 
Stature, linear enamel 
hypoplasia, dental 
pathologies, disease 
Improved health with 
agriculture 
Toomay and 
Pietrusewsky (2007) North-eastern Thailand 321 
AMTL, linear enamel 
hypoplasias, cribra 
orbitalia, stature, infection 






Toomay (2001) North-eastern Thailand 142 
Dental caries, dental 
enamel hypoplasias, 
cribra orbitalia, stature  








Clark et al. (2014) North-eastern Thailand 190 Linear enamel hypoplasias, stature 
Health improved during 
agricultural development 
Dhavale et al. (2017) North-eastern Thailand 95 Linear and appositional bone growth 
Improved/stabilised 
health with agriculture 
Halcrow (2006) Mainland Southeast Asia 325 
Linear and appositional 
bone growth, localised 
hypoplasia of the 
primary canine, cribra 
orbitalia and periostitis 
Improved/stabilised 
health with agriculture 
Europe and the Mediterranean 
Pinhasi et al. (2013) Croatia  (Adriatic, Continental) 198 
Linear growth, body 
mass (clavicle length, 
femur dist. epiphysis 
width) 




(Paleolithic to Bronze 
Age) 
Not specified Stature, skull base height, oral health 
Health improved with 
agriculture, then declined 
with agricultural 
intensification 
Meiklejohn et al. (1984) Western Europe (Mesolithic to Neolithic) 1,134 
Cribra orbitalia, dental 
caries, sexual 
dimorphism, stature 
Health deteriorated with 
agriculture 
Smith et al. 1984 Eastern Mediterranean (Natufian to Bronze Age)                                                                                                                    ~200 
Dental caries, AMTL, 
periodontal disease, 
enamel hypoplasias 
Health deteriorated with 
agriculture 
Roberts and Cox (2007) Great Britain (Mesolithic to Neolithic) ~300 
Stature, dental health, 
enamel hypoplasias, 
cribra orbitalia, infectious 
disease 
Health deteriorated with 
agriculture 








Pinhasi and Meiklejohn 
(2011b) 
Central Europe 
(Upper Paleolithic to 
Neolithic) 
607 Average tooth crown size Health deteriorated with agriculture 
 
*The bolded health measures are those that act as indicators of growth quality. These measures are assessed with other, more general health findings. 
 









Ultimately, these factors are responsible for studies reporting unpredictable 
growth responses to poor conditions (Geary 2015; Tanner et al., 2009).  
 
Research in bioarchaeology has reinforced findings in the clinical literature 
that show growth (Ribot and Roberts 1996; Piperata et al., 2014). For example, 
linear growth, does not always respond as expected in poor conditions, 
identifiable from high rates of stress indicators (Ribot and Roberts 1996). 
However, the non-specific aetiology of these stress markers used in 
bioarchaeological studies, issues with the use of techniques developed on 
modern populations, and the inability to assess sex from immature remains, 
limits what we can learn about health in the past (Buikstra and Meikle 1985; 
Cardoso and Saunders 2008; Klaus 2014; Lewis 2007; Temple and Goodman 
2014). Understanding these limitations of growth research in bioarchaeology, 
however, is important to wider interpretations of health. 
 
Despite these challenges to the study of growth in bioarchaeology, growth 
research still affords the researcher great insight into past health. Growth is a 
highly sensitive, dynamic process that is directly affected by environmental 
quality (Bateson et al., 2004; Bogin 1988; Bogin and Loucky 1997; Crespi and 
Denver 2005; Larsen 1997).  For example, if conditions improve, growth will 
recover (Williams 1981). This recovery with improved conditions is also a 
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Chapter 4: Materials and Methods  
4.0 Materials 
Two hundred and forty infants, children, and adolescents are contained in the 
skeletal sample from northern Chile, which is a large sample for the region 
(see Table 4.1 below). Recovery biases of early archaeologists, frequently 
leading to the removal of the skull only, and poor preservation of fragile 
remains, among other factors, contributed to the incomplete nature of this 
sample. Initially, 800 individuals were expected to be examined at the outset 
of this research, but due to many factors discussed in Section 4.1, the final 
sample was 240. Individuals were only included if growth was incomplete, 
for example dentition was still erupting, and long bones developing. Those 
without dentition were excluded from this thesis because dentition was 
necessary to approximate age. Age estimations are possible from 
measurements of long bones but creates a circular approach in 
bioarchaeological studies where skeletal growth is assessed as a proxy for 
health quality 
 
Table 4.1:	 Representation of the biological growth stages within each of the phases of subsistence 
change represented by the different archaeological periods. Where H.G. = hunter-gatherer, A.T.= 
agricultural transition, and A.I = agricultural intensification.  














Perinate 4 5 3 0 2 14 5.8 
Infant 6 8 26 7 4 51 21.2 
Child 8 34 71 17 10 140 58.4 
Adolescent 2 7 18 4 4 35 14.6 
Totals 20 54 118 28 20 240 100 












4.1. Limitations of this Research Project 
Initially, this project was intended to be both a macroscopic and microscopic 
study of growth in 800 individuals representing populations that spanned the 
agricultural transition in the Atacama Desert of northern Chile. With the large 
sample size, it was hoped that sex could be assessed, so sex-specific factors 
including differences in growth trajectories during sequential biological 
stages of growth and consequently, a linked increase to vulnerability as 
described in Chapter Three (Geary 2015) could be studied. Microscopic 
analyses, such as histological analyses of bone, would have permitted a more 
comprehensive discussion of bone’s response to poor conditions, and may 
have had forensic implications for modern populations. Being able to remove 
cortical bone would have also increased the accuracy of cortical bone analyses 
for this thesis. However, a number of limitations were not immediately 
communicated at the outset of this project, which had a substantial impact, 
resulting in the research that is presented today.  
 
The first major issue related to numbers of individuals that were accessible. A 
database of the entire collection was provided approximately three months 
into the project, revealing that a portion of the collection was only represented 
by the skull. As previously mentioned, this relates to early collection biases by 
archaeologists who considered the skull to be the only part of the skeleton 
that was useful to research. A second limitation to the sample size relates to 
both artificial and natural mummification practices. Because of the famous 
early mummification practices by the Chinchorro, a number of the 
individuals, while present in the collection are either a part of museum 
exhibits or stored in special humidity rooms for preservation purposes. These 
individuals are a part of Chile’s national heritage and so their protection and 
preservation is of great importance, rendering them inaccessible, which is 
completely understandable. Those that were almost completely naturally 
mummified, representing the Formative Period onwards, are also stored in 
these humidity rooms and so are also inaccessible. For the remainder of the 
individuals available, if they were represented by the postcranial skeleton, 
parts of the skeleton that were covered by soft tissues were also housed in 
these humidity rooms and were again, inaccessible. Contact was made with 
 








museums in Santiago, to attempt to increase the sample size for this project. 
One museum responded to the emails and none of their individuals were 
available, while the other two museums never responded. The final count was 
two hundred and forty incomplete individuals, a much smaller sample size 
than was anticipated at the start of this project. The individual and parts of 
the individual that were and were not available are detailed below in 
Appendix A. This small sample size had significant implications for the 
statistical approach taken. For example, the sample numbers prevented sex-
specific comparisons or multivariate analyses, such as principle components 
analysis, being employed.  
 
In addition to sample size issues, there were challenges to the assessment of 
sex from these immature remains. This was because the majority of the 
methods that were found to be viable for this skeletal sample (Sutter 2003) are 
related to the pelvis. Unfortunately, the trunk of the body, including the 
pelvic bones were most frequently covered in soft tissues and therefore, not 
available. Additionally, while Sutter (2003) was able to look at a number of 
individuals from the Archaic and Formative Periods, parts of these 
individuals are now housed in the humidity rooms and are unavailable. 
Sexing individuals later became impossible because of the very small sample 
sizes that would have led to statistical issues and would have resulted in sex-
specific samples being combined for the analyses. However, it should be 
noted here that the lack of sex assessment reduced the ability to have a 
discussion about sex-specific differences in growth vulnerability and social 
practices that may have impacted on growth findings, limiting the findings of 
this project. This affected crown size as well, which is known to have ~60% of 
dimensions influenced by genetic factors and thus, sexual dimorphism of size 
(Demsey et al., 1999; Townsend and Brown 1978; Townsend 1980).  
 
Another limitation to this project was the accessibility of the skeletal sample. 
Direct access to the collection was not permitted, so a laboratory technician 
was assigned to retrieve requested skeletons and place them on the bench for 
study. A limit was communicated as to the number of skeletons she would 
provide, with a typical number between four and six per day, although it 
 








tended to be the former, even if there were only skulls. This issue was 
compounded by the fact that the small museum was very busy and so a 
maximum of three months at a time there was permitted, limiting what could 
be studied. There were also cultural differences over what was a good sample 
size for a growth project, with individuals at the museum not understanding 
why studying all of the immature individuals was necessary. Therefore, 
constant permission was required to extend the sample size, which sometimes 
took a morning or day to acquire and often necessitated communication 
between the supervisors of this project with museum personnel. This 
reluctance by the museum personnel to allow for studying of all of the 
immature individuals made it impossible to extend the sample size to include 
an adult component.  
 
Finally, there were issues with obtaining radiographs. Initial communications 
specified an x-ray machine on site at the museum, which could be operated 
by one of the museum technicians. It was hoped that radiographs could be 
obtained for all long bones, and the maxilla and mandible. It was particularly 
important to obtain x-rays of the dentition for aging purposes and for cortical 
analyses. Upon arrival at the museum during the first data collection trip, the 
x-ray machine was found to be broken, and no one at the museum was 
trained to use it. Discussions about radiographs of long bones yielded a small 
collection of previously taken, faded radiographs, while permission to take a 
small sample of ‘six to seven bones’ to the local hospital for radiographs 
would be granted. Obviously, this was insufficient for a viable study of 
cortical thickness or lead lines in the bones, etc. Transporting two hundred 
and forty mandibles and maxillae to the hospital was also not an option. This 
meant a return trip to obtain the dental x-rays was necessary with a portable 
digital x-ray machine. It took time to gain permission to return and three 
weeks was allowed for these purposes.  
 
Significant challenges were posed to this research, but it still remains an 
interesting and viable body of work to contribute to the literature 
surrounding agriculture and human health. 
 
 








4.2. Archaeological Sites and Radiocarbon Dates 
Selection of the archaeological sites was carried out carefully to ensure that 
the locations chosen were closely linked to specific time periods. The majority 
of the sites represented by this skeletal collection were from the Azapa Valley, 
while a couple of other locations were in the Camarones and Lluta Valleys 
(see Figure 4.1 below). This meant that there were very few places 
representing the hunter-gatherers (Archaic Period; Morro-1 and Morro 1-6), 
resulting in a small sample size. Importantly, while the sites for this research 
are spread out (~12 km), the region is so dry and arid, with little to no 
vegetation, that there are minimal environmental differences with the major 
exception of proximity to the ocean. When possible, the chosen sites had been 
radiocarbon dated so an estimation of the period of occupation was possible 
(see Tables 4.2 and 4.3 below), although radiocarbon dating in northern Chile 
has a unique set of challenges, including the reservoir effect, discussed below.  
 
The northern Chile-southern Peru region is affected by the ‘marine radiocarbon 
reservoir effect’ also known as ∆R (Ortlieb et al., 2011). This influence is caused 
by conflicting ages of the marine source reservoir and modern 14C values, 
meaning that deeper waters with low 14C levels can give marine organisms 
significantly higher ages by ~800 to 1,000 years (Jull et al., 2013: 64; Ortlieb et 
al., 2011; Southon et al., 1995). Unfortunately, the global marine reservoir 
effect varies, spatially and temporally, making it difficult to accurately 
quantify the effect on radiocarbon dating in northern Chile (Jull et al., 2013; 
Ortlieb et al., 2011; Southon et al., 1995). 
 









Figure 4.1: The archaeological sites for the periods of hunter-gathering (Archaic), agricultural transition (Formative), and agricultural intensification (Middle Horizon, Late 
Intermediate, and Late Periods) in the Azapa, Camarones, and Lluta Valleys of northern Chile (created by Dr Charlotte King, Department of Anatomy, University of Otago 
2016).	
 








Table 4.2:	Sites, associated estimations of dates, and references for the sources of the radiocarbon testing for the hunter-gathering (Archaic) and agricultural transition 




Phase Dates (ca. 
BP) 
Culture Dates (ca. BP) Site Radiocarbon Dates (BP) 
Age of Site 




10,000-3,500 BP Chinchorro 10,000-3,500  
Morro-1 6,477±280  6,197-6,757 
Allison et al. 
(1984); Arriaza 
et al. (2006); 
Guillen (1992) 









3,300-3,000 PLM-7 2,328±30 2,298-2,358 
Diaz-Zorita 




AZ-71 1,257±70 1,327-1,187 Cassman (1997) 
AZ-115 2,125±875 3,000-1,250 Sutter (2006) 
AZ-75 
1,940±590 2,530-1,350 Aufderheide et al. (2002) AZ-75D AZ-75E 
AZ-70 875±125 1,000-750 Sutter (2006) 
AZ-14 875±125 1,000-750 Sutter (2006) 













Table 4.3: Sites, associated estimations of dates, and references for the sources of the radiocarbon testing for the phase of agricultural intensification (Middle Horizon, Late 




Phase Dates (ca. 
BP) 
Culture Dates (ca. BP) Site Radiocarbon Dates (BP) 
Age of Site 






Cabuza 1,500-1,300 AZ-6 815±155 970-660 Korpisaari et al. (2014) 
Cabuza 1,500-1,300 AZ-141 833±123 956-710 Korpisaari et al. (2014) 
Maytas 1,300-900 AZ-140 925.5±90.5 1,016-835 Sutter (2005) 
Cabuza 1,500-1,300 AZ-71 1,257±70 1,327-1,187 Sutter (2005) 
Maytas 1,300-900 AZ-75 No R/C dates 1,500-800 Sutter (2006) 






Gentilar 650-550 AZ-8 No R/C dates 968-602 Cassman (1997) 
Gentilar 650-550 AZ-141 785 ±183                           968-602 Cassman (1997) 
San Miguel 1,000-650 PLM-4 150±150 300-0 Arriaza et al. (2014b) 
Gentilar 650-550 Lluta-54 No R/C dates 968-602 Cassman (1997) 




550-450 Inca 550-450 


















*Dates for AZ-76, AZ-8, Lluta-54, AZ-15, and Camarones-8 are not provided because it does not appear that radiocarbon dating has been carried out for 
these sites. Rather, archaeological artefacts have been used to identify the archaeological phase(s) of occupation. In these instances, other dates were used to 
represent these periods.  
 








For example, the Pacific Ocean’s Humboldt Current, which runs towards the 
equator along the coast of Chile, and Peru is strongly affected by coastal 
upwelling that brings these deeper ocean waters to the surface affecting the 
marine reservoir in this region. Taylor and Berger (1967) studied mollusc 
shells from Antofagasta, northern Chile, reporting the modern marine 
reservoir effect leads to overestimating ages of modern specimens by ~190±40 
years. However, studies of older Peruvian archaeological sites suggest that 
the marine reservoir effect fluctuated in the past and could have been 
considerably greater during the Holocene than it is now (Ortlieb et al., 2011; 
Southon et al., 1995). 
 
Although radiocarbon dating has been carried out on a number of samples 
from the burial contexts for individuals from this skeletal sample, caution 
with these dates is necessary because they could be inaccurate by hundreds of 
years. Because the inaccuracy of the radiocarbon dates will not significantly 
affect this research, it will be provided as approximations. These dates are 
collated in Appendix B, and a range of the dates is used to represent each 
burial site. Where radiocarbon dating has not been carried out for a site, 
archaeological evidence characteristic of a specific culture identified at other 
sites, such as ceramic colouration, have been used by bioarchaeologists. This 
approach provides an estimation of the occupation timespan of a site and are 
used in this research.   
 
4.3 General Approach to Data Collection 
Filemaker Pro 12 (2013) software was used to create a database, ensuring an 
efficient approach to data collection (Filemaker Inc., 2013). Maximum lengths 
and mid-diaphyseal widths (mm), dentition present, dimensions of posterior 
deciduous and permanent tooth crowns, adolescent indicator developmental 
progress, burial site, cultural phase, and a unique reference number, were 













4.4 Biological Age Estimation 
As discussed in Chapter Three, the timing of dental mineralisation is 
relatively insensitive to environmental conditions. This means that dental 
mineralisation can be used to reliably estimation biological age (Anderson et 
al., 1976; Cardoso 2007; Elamin and Liversidge 2013; Liversidge 1994; 
Moorrees et al., 1963a; b; Garn et al., 1965). For this study, dental 
mineralisation was assessed from radiographs of mandibular dentition. 
Maxillary dentition was only used when mandibular teeth were absented as 
their developmental progress is distorted by skull components in 
radiographs, inflating observer error rates (Moorrees et al., 1963: 1491).  
 
Before x-rays of the dentition were taken, presence and condition of the teeth 
was recorded using the Fédération Dentaire Internationale (FDI) system (see 
Table 4.4 below) and Buikstra and Ubelaker’s (1994: 49; see Table 4.5 below) 
classifications for the tooth conditions. Moorrees et al. (1963a; b) technique 
was then applied to obtain age estimations.  
 
Table 4.4: The FDI numerical inventory system for both permanent and deciduous dentition. The 
system was used to record the presence and condition of dentition (erupted or un-erupted; taken from 
Baume et al., 1970: 534).  
Permanent Dentition 





















18 17 16 15 14 13 12 11 21 22 23 24 25 26 27 28 
48 47 46 45 44 43 42 41 31 32 33 34 35 36 37 38 
Lower Right Lower Left 
 
Deciduous Dentition 
Upper Right Upper Left 
2nd m 1st m c li ci ci li c 1st m 2nd m 
55 54 53 52 51 61 62 63 64 65 
85 84 83 82 81 71 72 73 74 75 
Lower Right Lower Left 
 














Table 4.5: Key for recording the presence and condition of the dentition (taken from Buikstra and 
Ubelaker 1994: 49).  
Number Category of Development/Condition of the tooth 
1. Present, but not in occlusion. 
2. Present, development completed, in occlusion. 
3. Missing, with no associated alveolar bone. 
4. Missing, with alveolus resorbing or fully resorbed: AM loss. 
5. Missing, with no alveolar bone resorption: PM loss. 
6. Missing, congenital absence. 
7. Present, damage renders measurement impossible, but other observations are recorded. 
8 Present, but unobservable (e.g. deciduous or permanent tooth in crypt).  
 
 
4.4.1 Background: Moorrees et al.’s (1963a, b) Age Estimation Method 
Moorrees et al.’s (1963a; b) method for biological age estimation is available 
across two publications: for deciduous (1963a) and permanent (1963b) teeth. 
Mineralisation stages and associated ages, based on serial radiographs from 
136 males and 110 females of European descent from the longitudinal Fels 
study, are available for deciduous maxillary and mandibular canines, and 
first, and second molars, (Moorrees et al., 1963a). The Fels study was a 
longitudinal study of growth and maturation that started in 1929 in Yellow 
Springs, Ohio, involving male and female individuals of European descent 
(Wright University 2018). Ten permanent teeth, including the maxillary and 
mandibular central and lateral incisors, the mandibular canine, first and 
second premolars, and first, second, and third molars, were assessed using 
the Stuart sample and Fels study data (Moorrees et al., 1963b). The Stuart 
sample, consisting of intraoral radiographs of 48 males and 51 females of 
European descent from Boston, was used for the central and lateral incisors 
while the Fels data was used for the mandibular canine, premolars, and 
molars (Moorrees et al., 1963b: 1491). Moorrees et al. (1963a; b) created this 
technique, by assessing developmental progress of individual teeth, using the 
descriptions in Table 4.6 and illustrated in Figure 4.2 below (Moorrees et al., 
1963a: 206). Attainment percentages were calculated for each tooth formation 
stage (number of children that reached the stage/total number of children in 
study; Moorrees et al., 1963a: 206). “These percentages were converted into normal 
 








deviates and the ages into logarithms of the conceptional age, based on a gestational 
period of nine months” (Moorrees et al., 1963a: 206). Percentage attainment of 
the stage at different ages was then used to calculate mean age of 
achievement, average age of attainment and one and two standard deviations 
presented in graphic form (Moorrees et al., 1963a). Smith (1991) tabulated 
average ages for both studies but did not include the standard deviations. 
Later, Lewis and Senn (2013; see Table 4.6 below) and Harris and Buck (2002; 
see Tables 4.8 and 4.9) re-tabulated the data from these studies to include 
standard deviations. These tabulated data (Lewis and Senn 2013; Harris and 
Buck 2002) are sex-specific so the sample for dental ageing ends at 19.2 ± 1.95 
years (males) and 20.1± 2.01 (females) years, based on apical closure of the M3 
tooth root (Ac) (Harris and Buck 2002).  
 
Table 4.6: Tooth formation stages and corresponding coded symbols (taken from Moorrees et al., 
1963a: 142; 1963b: 208).  





Initial Cleft Formation (molars 
only) Cl.i 
Coalescence of Cusps Cco Root Length ¼ R1/4 
Cusp Outline 
Complete Coc Root Length ½ R1/2 
Crown ½ Complete Cr.1/2 Root Length ¾ R3/4 
Crown ¾ Complete Cr.3/4 Root Length Complete Rc 
Crown Complete Cr.c Apex ½ Closed A1/2 
Initial Root Formation Ri Apical Closure Complete Ac 
 
However, caution is necessary as the application of Moorrees et al.’s technique 
(1963a; b) to other samples of known age has shown this method consistently 
underestimates age (Liversidge 1994; Phillips and van Wyk Kotze 2009). For 
example, Liversidge (1994) tested the method on a sample of 63 individuals of 
European descent and known age from the Spitalfields collection, London. 
Findings showed the method underestimated age with a greater inaccuracy in 
some deciduous teeth of ~0.52 years (±0.62 yrs.), compared to some of the 
permanent dentition of ~0.29 (±0.39 yrs.). Phillips and van Wyk Kotze (2009) 
also applied the technique to a known-age skeletal sample of South African 
children (Tygerberg sample) comprising coloured/Caucasian sample, Indian, 
and Zulu samples. Their findings show the technique underestimates age in 
 








89.2% of the coloured/white sample, 93.7% of the Indian sample, and 96.7% 
of the Zulu sample of this skeletal assemblage. The method underestimated 
age by ~0.91 years (Phillips and van Wyk Kotze 2009: 22). This technique will 
likely underestimate biological age in the sample from northern Chile, 
although the extent of the underestimation is unknown. The issue is 
somewhat reduced by the application of this technique to the entire sample, 
allowing all individuals to be subject to biases inherent to Moorrees et al.’s 













Figure 4.2: The stages of formation for the crown, root, and apex of A) deciduous mandibular canines, 
B) deciduous mandibular molars, and C) permanent mandibular molars (adapted from Moorrees et al., 
1963a: 1492-1493; 1963b: 206-207. Redrawn to improve clarity of the figure by Mr. Robert McPhee, 












Table 4.7: Age estimation data for deciduous tooth development of males and females in years (taken from Lewis and Senn 2013: 224). 
Stage 
Females Males 
Dc dm1 dm2 dc dm1 dm2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Coc 0.15 0.10     0.15 0.10     
Cr ½ 0.25 0.10 0.15 0.10 0.25 0.10 0.27 0.10 0.20 0.10 0.27 0.10 
Cr ¾ 0.45 0.11 0.23 0.10 0.45 0.10 0.47 0.10 0.23 0.10 0.20 0.11 
Crc 0.70 0.13 0.33 0.10 0.70 0.13 0.68 0.13 0.43 0.10 0.70 0.13 
Ri 0.85 0.14 0.55 0.12 0.93 0.15 0.80 0.14 0.58 0.12 0.92 0.14 
Cli   0.56 0.11 1.0 0.15   0.65 0.12 1.0 0.15 
R ¼ 1.1 0.16 0.65 0.13 1.3 0.18 1.0 0.30 0.75 0.13 1.3 0.20 
R ½ 1.3 0.17 0.88 0.13 1.5 0.20 1.3 0.18 0.93 0.15 1.6 0.21 
R ¾ 1.8 0.22 1.1 0.17 1.9 0.23 1.8 0.23 1.2 0.18 1.9 0.23 
RC 2.0 0.25 1.3 0.17 2.0 0.24 2.0 0.24 1.3 0.18 2.0 0.25 
A ½ 2.5 0.28 1.5 0.20 2.4 0.28 2.5 0.28 1.6 0.21 2.4 0.28 
AC 3.0 0.33 1.8 0.23 2.8 0.31 3.1 0.33 1.9 0.24 3.0 0.33 
 























Table 4.8:	The formation stages and associated chronological ages (years) for the permanent lower dentition of females derived from the age range plots from Moorrees et al. 
(1963b) as tabulated by Harris and Buck (2002: 16-18).	
Stage 
Maxillary Incisors Mandibular Incisors Mandibular Posterior Teeth 
UI1 UI2 LI1 LI2 C P1 P2 M1 M2 M3 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Ci         0.5 0.12 1.7 0.24 2.9 0.35 0.1 0.05 3.5 0.41 9.6 1.00 
CCO         0.7 0.15 2.2 0.28 3.5 0.40 0.2 0.09 3.8 0.43 10.1 1.05 
COC         1.2 0.18 2.9 0.35 4.1 0.47 0.7 0.14 4.3 0.49 10.7 1.11 
Cr ½         1.9 0.25 3.5 0.41 4.7 0.53 1.0 0.17 4.8 0.54 11.3 1.17 
Cr ¾         2.9 0.35 4.2 0.49 5.3 0.59 1.4 0.20 5.4 0.59 11.7 1.20 
CrC 4.9 0.54 5.7 0.62     3.9 0.45 5.0 0.56 6.2 0.66 2.2 0.28 6.2 0.68 12.3 1.27 
Ri         4.7 0.52 5.7 0.63 6.7 0.73 2.6 0.32 7.0 0.75 12.9 1.32 
Cli               3.5 0.41 7.8 0.83 13.5 1.39 
R ¼ 6.0 0.66 6.6 0.71 4.5 0.51 4.7 0.53 5.3 0.57 6.5 0.69 7.5 0.79 4.6 0.52 9.1 0.96 14.9 1.53 
R ½ 6.6 0.71 7.2 0.76 5.1 0.57 5.9 0.65 7.1 0.75 8.1 0.86 8.7 0.92 5.1 0.57 9.8 1.01 15.8 1.62 
R 
2/3 
7.1 0.76 7.7 0.82 5.6 0.62 6.3 0.68             
R ¾ 7.6 0.81 8.3 0.87 6.1 0.66 6.7 0.72 8.3 0.88 8.8 0.97 10.0 1.05 5.5 0.60 10.5 1.09 16.4 1.67 
RC 8.2 0.86 9.1  6.6 0.72 7.6 0.80 8.8 0.93 9.9 1.03 10.6 1.12 5.9 0.63 11.0 1.13 17.0 1.71 
A ½ 8.9 0.93 9.6 0.99 7.4 0.79 8.1 0.86 9.9 1.03 11.0 1.15 12.0 1.24 6.5 0.71 12.0 1.23 18.0 1.82 
Ac     7.7 0.82 8.5 0.89 11.3 1.18 12.1 1.26 13.6 1.40 8.0 0.85 13.8 1.43 20.1 2.01 
 




















Table 4.9: The formation stages and associated chronological ages (years) for permanent lower teeth of males derived from the age range plots from Moorrees et al. (1963b) as 
tabulated by Harris and Buck (2002: 16-18).	
Stage 
Maxillary Incisors Mandibular Incisors Mandibular Posterior Teeth 
UI1 UI2 LI1 LI2 C P1 P2 M1 M2 M3 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Ci         0.5 0.11 1.8 0.24 3.0 0.37 0.0 0.09 3.7 0.41 9.2 0.98 
CCO         0.8 0.15 2.3 0.31 3.5 0.42 0.2 0.11 4.0 0.43 9.7 1.01 
COC         1.2 0.19 2.9 0.36 4.2 0.48 0.5 0.11 4.8 0.49 10.3 1.07 
Cr ½         2.1 0.27 3.6 0.43 4.7 0.53 1.0 0.17 5.1 0.54 10.9 1.14 
Cr ¾         2.9 0.35 4.4 0.52 5.3 0.59 1.5 0.21 5.7 0.59 11.6 1.20 
CrC 5.3 0.59 5.9 0.64     4.0 0.46 5.2 0.58 6.2 0.69 2.1 0.29 6.5 0.68 12.0 1.24 
Ri         4.8 0.55 5.8 0.64 6.9 0.74 2.7 0.34 7.1 0.75 12.7 1.32 
Cli               3.5 0.41 8.1 0.83 13.6 1.41 
R ¼ 6.3 0.68 6.9 0.75   5.3 0.60 5.7 0.63 6.8 0.74 7.8 0.83 4.7 0.53 9.3 0.96 14.6 1.50 
R ½ 6.9 0.74 7.6 0.80 5.2 0.59 6.2 0.68 8.0 0.86 8.5 0.91 9.4 0.99 5.1 0.57 10.1 1.01 15.1 1.54 
R 2/3 7.6 0.80 8.1 0.86 5.8 0.64 6.8 0.74             
R ¾ 8.1 0.85 8.7 0.91 6.4 0.70 7.4 0.78 9.6 1.00 9.9 1.04 10.8 1.13 5.4 0.61 10.8 1.09 15.9 1.62 
RC 8.6 0.90 9.6 1.01 7.0 0.75 8.0 0.84 10.2 1.06 10.3 1.09 11.5 1.21 5.8 0.64 11.3 1.13 16.3 1.67 
A ½     7.7 0.81 8.5 0.90 11.8 1.23 11.9 1.24 12.7 1.30 6.9 0.75 12.2 1.23 17.6 1.79 
Ac     8.1 0.85 9.3 0.98 13.0 1.35 13.3 1.38 14.2 1.46 8.5 0.91 14.2 1.43 19.2 1.95 
 
Source: Data adapted from Harris and Buck (2002).
 








4.4.2 Application: Moorrees et al.’s (1963a; b) Technique 
Application of this method to the sample in northern Chile involved an 
assessment of developmental stages for the tooth crown, root, and apices of 
all available deciduous and permanent teeth. The teeth representing a person 
were individually assessed and a coded developmental stage identified (see 
Figure 4.2 and Table 4.6 in Section 4.2.1). The male and female age estimations 
for that coded developmental stage were then identified and the means 
averaged to take into account the inability to assess sex for these individuals. 
These sex-specific age estimations were obtained as provided by Moorrees et 
al. (1963a; b) and tabulated by Lewis and Senn (2013: 244; Table 4.7), and 
Harris and Buck (2002: Tables 4.8 and 4.9). When identifying the tooth 
mineralisation stages, if a tooth was between stages, then the higher stage was 
chosen for the individual, as advised by Harris (2010: 271). Finally, when the 
average means for individual teeth were identified representing a person, the 
highest mean was chosen as it represented the greatest extent of 
developmental progress achieved. Initially, the teeth in the left side of the 
mandible were assessed. However, if this was absent, or only a couple of teeth 
were present, then the assessment was expanded to include the right 
mandibular and maxillary teeth to increase the accuracy of age estimations 
(Lewis and Senn 2013).  
 
One of the limitations highlighted during the application of this technique 
was linked to the numbers of teeth available to represent each individual. For 
example, Table 4.10 below, provides an estimation of the tooth developmental 
stages that maybe present around the same in the mouth. When all 
mandibular teeth are present for example, and the means are averaged, there 
is the highest mean average age (years) obtained and initially, this can be 
correlated quite closely with the highest and lowest ages that can be obtained 
for an individual. Still, as the individual gets older, for example, when the 
first permanent molar is complete (Ac), it provides a maximum age of 8.0± 0.85 
years (f) and 8.5± 0.91 (m) and this is the highest age that will be obtained, although 
the individual may be much older. If it is the only tooth available, however, then it 
proves difficult to estimate the age the individual with accuracy. This issue may 
 








provide challenges with the growth profiles produced and will be elaborated upon in 
Chapter Six. 
 
Table 4.10: The consensus table is shown below that details the highest age obtained for each 
developmental stage, the lowest age obtained, the average highest age for the individual, and the 

















73= Cr½; 74= 
Coc; 75= Cco 
0.27 ± 0.10 
(m) 
0.25 ± 0.10 
(f) 
0.26  0.01 0.01 
73= Crc; 74= 
Cr¾; 75= Cr½ 
0.70 ± 0.13 
(f) 
0.23 ± 0.13 
(m) 
0.69  0.01 0.46 
73= R ¼; 74= Ri; 
75= Crc; 36= 
Coc 
1.1 ± 0.16  
(f) 
0.50 ± 0.11 
(m) 
1.05 0.05 0.55 
73= R ½; 74= R 
½; 75= Ri; 33= 
Cco; 36= Cr ½ 
1.30 ± 0.17 
(f) 
0.70 ± 0.15 
(f) 
1.30 0.00 0.60 
73= R ¾; 74= R 
¾; 75= R ½; 33= 
Cr ½; 36= Cr ¾  
2.1 ± 0.27  
(f) 
1.1 ± 0.17 
 (f) 
2.00 0.10 0.90 
73= Rc; 74= R ¾; 
75= R¾; 33= Cr 
½; 34= Coc; 35= 
Coc; 36= Crc 
2.5 ± 0.28  
(f) 
1.1 ± 0.17  
(f) 
2.50 0.00 1.40 
73= Ac; 74= A 
½; 75= Rc; 33= 
Cr ½; 34= Coc; 
35= Crc 
4.0 ± 0.43 
(m) 
1.5 ± 0.20 
(m) 
3.90 0.10 2.40 
73= Ac; 74= Ac 
75= A½; 34= Cr 
¾; 35= Cr ½; 36= 
R ¼; 37 = Cr½  
5.1 ± 0.54  
(f) 
1.8 ± 0.23  
(f) 
4.90 0.20 3.30 
*73= Ac; *74= 
Ac; *75= Ac; 33= 
Ri; 34= Crc; 35=; 
Cr¾; 36 = R ½; 
37 = Cr ¾ 
5.7 ± 0.59 
(m) 
1.8 ± 0.23 
 (f) 
5.55 0.15 3.90 
*73= Ac; *74= 
Ac; *75= Ac; 33= 
R ¼; 34= Crc; 
35= Crc; 36= R 
¾; 37= Crc 
6.5 ± 0.68 
(m) 
5.0 ± 0.56  
(f) 
6.35 0.15 1.35 
 








*73= Ac; *74= 
Ac; *75= Ac; 33= 
R½; 34 = R¼; 
35= R¼; 36= A½; 
37 = Ri 
8.0 ± 0.86 
(m) 
6.5 ± 0.69  
(f) 
7.65 0.35 1.15 
*73= Ac; *74= 
Ac; *75= Ac; 33= 
Rc; 34= R½; 35= 
R¼; 36= Ac; 37= 
R¼ 
9.3 ± 0.96 
(m) 
7.5 ± 0.79  
(f) 
9.20 0.10 1.70 
*75= Ac; 33= 
R¾; 34= R¾; 35= 
R½; 36= Ac; 37= 
R½; 38= Coc 
9.9 ± 1.04 
(m) 
8.0 ± 0.85  
(f) 
9.95 0.40 1.95 
33= A½; 34= R¾; 
35= R2/3; 36= 
Ac; 37= R½; 38= 
Cr½ 
11.3 ± 1.17 
(f) 
8.0 ± 0.85 
(m) 
11.10 0.20 3.10 
33= Ac; 34= A½; 
35= Rc; 36= Ac; 
37= R¾; 38= Crc 
13.0 ± 2.35 
(m) 
8.0 ± 0.85  
(f) 
12.15 0.85 4.15 
33= Ac; 34= Ac; 
35= Ac; 36= Ac; 
37= Ac; 38= R¼ 
14.9 ± 1.53 
(f) 
8.0 ± 0.85 
(f) 
14.75 0.15 6.75 
33= Ac; 34= Ac; 
35= Ac; 36= Ac; 
37= Ac; 38= R½ 
15.8 ± 1.62 
(m) 
8.0  ± 0.85 
(f) 
15.45 0.35 7.45 
33= Ac; 34= Ac; 
35= Ac; 36= Ac; 
37= Ac; 38= Rc 
17.0 ± 1.71 
(f) 
8.0  ± 0.85 
(f) 
16.65 0.35 8.65 
33= Ac; 34= Ac; 
35= Ac; 36= Ac; 
37= Ac; 38= A½ 
18.0 ± 1.82 
(m) 
8.0 ± 0.85  
(f) 
17.80 0.20 9.80 
33= Ac; 34= Ac; 
35= Ac; 36= Ac; 
37= Ac; 38= Ac 
20.1 ± 2.01 
(f) 
8.0 ± 0.85  
(f) 
19.65 0.45 11.65 
 
*Starting to resorb so this would be noted and the stages unused as no dates are available for 
the resorption stages of deciduous dentition by Moorrees and colleagues (1963a; b).  
 
4.4.3 Radiographic Approach for Assessing Dental Mineralization 
A portable digital dental x-ray machine (Model: Genoray Port-X II; see Figure 
4.3 below) was used to obtain periapical radiographs of the teeth. The focal 
point of the x-ray machine was a constant of 37 cm away from the sensor to 
 








avoid distortion of the radiographs (Cardoso 2000: 80). Operating Voltage 
(60Kv) and Amperage (02mA) of the machine were fixed and focus ranged 
between 0.20 and 0.30 depending on lighting and bone thickness. The sensor 
was placed posterior to the teeth and the sensor ring anterior to the teeth to 
focus the x-rays emitted towards the sensor (see Figures 4.3 and 4.4 below). 
Dentition from the left half of the mandible was x-rayed unless absent, then 
radiographs were obtained for any available teeth (see Figure 4.5 below). 
Loose teeth were visually assessed for the identification of mineralization 
stages. 
 
4.5 Tooth Crown Responses to Poor Environmental Conditions 
Crown size and dental enamel defects can be used to record developmental 
stress (Bailit et al., 1970; Fearne and Brooke 1993; Goodman and Armelagos 
1985a; b; c; Goodman and Rose 1991; Guagliardo 1982; Larsen 1997; Pinhasi 
and Meiklejohn 2011; Reid and Dean 2000; 2006; Ritzman et al., 2008). Tooth 
crown mineralization records stress episodes across pre- and post-natal 
periods, which is useful in studies of health (Reid and Dean 2000; 2006; 
Ritzman et al., 2008). For example, crown size decreased in premolars and 
permanent molars, of some agriculturalists (Kennedy 1984; Perzigian 1977; 
Pinhasi and Meiklejohn 2011b). Modern population studies have also 
positively linked poor prenatal conditions and reduced dental crown sizes 
(Bailit et al., 1970; Bailit and Sung 1969; Fearne and Brooke 1993; Bailit and 
Sung 1969; Garn et al., 1979; Guagliardo 1982). The relationship between 
malnutrition and small crown size is attributed to poor environmental 
conditions, affecting the amount of ‘proteinaceous matrix’ deposited that is 
mineralized to form tooth crowns (Larsen 1997: 44).  
 
Consequently, the increased dependence on plant carbohydrates by 
agriculturalists theoretically results in reduced amounts of matrix and smaller 
crown sizes because of the associated reduction in dietary protein. However, 
there are some instances where such changes in tooth crown dimensions have 
not occurred across the agricultural transition. For example, Watson (2007) 
investigated tooth crown dimensions in 200 individuals across the 
 








agricultural transition in the Sonoran Desert, Mexico, reporting no significant 
changes in crown size, evidence for continued mixed subsistence in 
agriculturalist populations. Conversely, Pinhasi and Meiklejohn (2011b) 
reported that crown size was significantly reduced in a sample of 607 
agriculturalists from Central Europe. Perzigian (1975) also studied crown size 
in an Arikara sample from the Larson site in South Dakota. Mesiodistal and 
buccolingual measurements were taken and averaged. The mean 
measurements were then tested for significant differences between two age 
groups of six to 15 years, and >15 years (Perzigian 1975: 64). Findings from 
both studies show crown size decreased and asymmetry increased with 
agriculture (Perzigian 1977; Pinhasi and Meiklejohn 2011b). 
 
Modern ethnic, and familial studies suggest that ~35 to 86% of tooth crown 
size is genetically predetermined, and that permanent tooth size is more 
tightly regulated than deciduous size (Alvesalo and Tigerstedt 1974; Brooks 
2006; Garn et al., 1965; Hanihara and Ishida 2005; Hughes et al., 2000; 
Townsend and Brown 1978; Townsend 1980). Importantly, factors, including 
the age of these studies, different statistical approaches used, natural inter-
population phenotypic variation, and thus, sensitivity to the environment, 
may contribute to reported variation in the genetic control of crown size 













Figure 4.3: The x-ray machine (Model: Genoray Port-X II) set-up is shown with the x-ray machine on 
the right-hand side and the apparatus for the x-ray on the left (Author’s own work 2016).  
 
 
Figure 4.4: The apparatus used to obtain radiographs of the left second deciduous mandibular molar 
and first permanent molar is shown here. The sensor is the black box at the end of the electrical wire 
attached to the leg of the sensor ring (yellow; Author’s own work 2016).  
 
 









Figure 4.5: In clockwise order: mineralisation stages of the right mandibular permanent canine, the 
second deciduous molar, and first permanent molar; the second permanent, first permanent, and 
second deciduous molars (LHS to RHS); the permanent mandibular incisors; and the right mandibular 
second permanent molar of individual T-24B (AZ-140). The wires holding the teeth into the mandible 
are also visible in the x-ray, as is the white spot that is caused by a pin on the arm of the yellow 
apparatus (Author’s own work 2016). 
 








Misinterpretation of common environmental factors in twin studies may have 
also inflated findings for percentages of crown size under genetic regulation 
(Geary 2015; Townsend and Brown 1980). Complex interactions between 
genetic, ontogenic, and the environment may also cause differential 
sensitivity between crown dimensions of the anterior and posterior maxillary 
and mandibular dentition (Pinhasi and Meiklejohn 2011b). For example, 
dental crowding is responsible for the greater variation in the mesiodistal 
crown dimensions of anterior teeth, including the incisors and canines, 
compared to posterior teeth (Townsend and Brown 1978). Therefore, the 
posterior teeth are more valuable to health research as overcrowding does not 
affect them to the same extent. Nutrition-related growth disturbances are also 
reportedly more noticeable in the posterior dentition (Guagliardo 1982; 
Pinhasi and Meiklejohn 2011b).  
 
Caution is necessary in assessments of crown size because studies are 
conflicted over the degree of genetic control involved. However, as other 
research shows tooth crown size decreases with agriculture, particularly in 
posterior dentition, so this is valuable for assessing growth quality.  
 
4.5.1 Background: Fluctuating Crown Asymmetry (FDA) 
Symmetry is expected in bilateral structures under identical genetic control, 
but negative genetic and environmental factors disrupt growth, causing 
small, fluctuating variations (Guatelli-Steinberg et al., 2006; Swaddle et al., 
1994; Townsend and Garcia-Godoy 1984). Inbreeding, Down’s syndrome, and 
poor growth have been correlated with greater FDA (Barden 1980; Bailit et al., 
1970; Townsend 1983). Importantly, Perzigian (1977) showed FDA increased 
in agriculturalists in Western Kentucky, USA. Animal studies have linked 
increased environmental stress, such as cold, to FDA, associating greater FDA 
with physiological stress, making it a useful assessment of health (Siegel et al., 
1977). However, the approach to statistically analysing asymmetry is not 
uniform between researchers (Barden 1980; Bailit et al., 1970; Perzigian 1977; 
Townsend 1983). For example, Bailit et al. (1970: 631) calculated intra-class 
 








correlation coefficients (r) between antimeric teeth of each individual, where 
nine pairs of teeth represented the individual, as follows:  
 
r =1- [intra-pair variance/total variance] 
 
Once done, the r-values were transformed into Fisher’s Z-scores and averaged 
to obtain a mean asymmetry score for each population. The researchers 
suggest that calculating r allows for differences in tooth size between 
populations to be accounted for, so tooth size does not affect levels of 
asymmetry (Bailit et al., 1970: 631). Townsend and Brown (1980) also used 
intra-class correlation coefficients (r) in their asymmetry research to obtain 
population averages, suggesting that measurements of more than 0.20 mm 
indicate asymmetry is present. This was because inter-observer error 
calculations ranged between 0.09 to 0.18 mm (Townsend and Brown 1980). 
One major limitation of the approach is that nine pairs of teeth rarely 
represent individuals in ancient samples. Finally, Townsend (1983: 1982) 
investigated crown asymmetry by calculating V, the variance of the difference 




Townsend (1983: 1983) suggests that this approach is suitable as comparisons 
between the same and different dimensions can be made.  Some studies have 
also involved assessments of directional vs. fluctuating asymmetry using 
paired T-tests to assess significant differences between sides (Townsend and 
Brown 1980; Townsend 1983). For this thesis, the basic subtraction of the size 
of the left from right dimensions will be carried out, which would yield the 
asymmetry differences. This approach is not affected by crown size 
differences across the archaeological phases as the measure of asymmetry 
obtained is related to differences in tooth crown size of that individual.  
 
 








 4.5.2 Application: Tooth Crown Measurements 
Maximum mesiodistal (MD; crown length), buccolingual (BL; crown width), 
and crown height (CH) measurements were recorded. All measurements 
were taken as described by Buikstra and Ubelaker (1994: 62- 64; to the nearest 
0.1 mm) using digital callipers (Mitutoyo; see Figure 4.6 and Table 4.11 
below). Deciduous canines, first, and second molars, and permanent canines 
first and second premolars, and first, second, and third molars were all 
measured when present. Deciduous and permanent incisors were excluded 
because of other factors, such as jaw space, impacting on crown sizes 
(Guagliardo 1982; Perzigian 1975; Pinhasi and Meiklejohn 2011b; Townsend 
and Brown 1978). Measurements were not taken if, for example attrition or 
caries, affected the dimension being measured.  
 
	
Figure 4.6: The mesiodistal (crown length; left), and crown height (centre) measurements are 
illustrated on a canine. The buccolingual (crown width) measurement is shown on a molar (right; 

















Table 4.11: Descriptions for the mesiodistal (MD), buccolingual (BL), and crown height (CH) 







The maximum width of the tooth crown in the mesiodistal plane. 
Buccolingual 
(BL) 
The widest diameter of the tooth measured perpendicular to the 
mesiodistal plane. Care must be taken on the anterior teeth to 
ensure that the axis of measurement is truly parallel to the long 
axis of the tooth, not the crown. On molars, this is usually about 




The distance between the tip on the mesiobuccal cusp to the cemento-
enamel junction. 
 
            4.5.3 Defects of Dental Enamel (DDEs) 
Dental enamel defects are investigated in bioarchaeology as non-specific 
indicators of stress because they have multiple aetiologies and their formation 
has been linked to periods of stress (Goodman et al., 1984; King et al., 2005). 
Importantly, their development, while linked to multiple factors, is 
predominantly caused by growth disruption (Hillson and Bond 1997). For 
example, it is likely that most of the DDE formation will occur between two 
and four years of age when weaning, an extremely stressful period of time for 
the individual, occurs (Hillson and Bond 1997). Further, enamel does not 
remodel, providing a permanent record of these stress events, which is 
important to studies (Massler et al., 1941: 35; King et al., 2005: 02). 
Identification of stress episodes is useful in growth studies where catch-up 
growth can mask early stress effects on growth, misleading researchers about 
overall environmental quality (Goodman et al., 1984). Combining assessments 
of DDEs with other measures of skeletal and dental growth quality permits a 
more detailed investigation of health from skeletal samples. A review of the 
process of DDE formation, different methods used in bioarchaeology to 
identify and classify these defects, as well as the approach employed for this 
thesis will follow.  
 
The value of DDEs to investigations of stress episodes in bioarchaeology has 
yielded numerous chart and regression techniques for estimating age at time 
 








of occurrence (Goodman and Rose 1990; 1991; Goodman and Song 1999; 
Goodman et al., 1980; Reid and Dean 2000; 2006). Chart methods rely on 
visible divisions of tooth crown surfaces into intervals based on time taken to 
develop (Ritzman et al., 2008: 349). Other methods use regression equations to 
reach age estimations (Goodman and Rose 1990; 1991; Goodman and Song 
1999; Goodman et al., 1980). One of the collective limitations of these 
techniques is their lack of inclusion of cusp development time, leading to 
underestimations of age relating to DDE formation (Ritzman et al., 2008: 350), 
although Goodman and Song (1999: 223) suggest inclusion of cusp formation 
times only increased age estimations by ~six months. Recently, Reid and 
Dean (2000; 2006) introduced a chart method incorporating cusp formation 
times into age estimations. In their study, Reid and Dean (2000) longitudinally 
sectioned 115 unworn permanent anterior teeth from a sample of European 
descent, to study the timing of enamel formation. The results showed that 
anterior tooth crown formation is non-linear, and surface enamel only 
appears after infancy (Reid and Dean 2000). Subsequently, Reid and Dean 
(2006) repeated the process on 326 molars and 352 anterior teeth from a South 
African, Northern European, and North American sample to further 
investigate the timing of tooth crown formation across different populations 
and to obtain times for molar crown formation (Reid and Dean 2006). This 
study also included cusp formation times. Results showed mean enamel 
formation times were similar between South African and Northern European 
samples. Unfortunately, although this method is a newer, and more accurate, 
it is for permanent dentition only. Consequently, the formula provided by 
Goodman and Rose (1991) will be used to estimate age at start of defect 
formation for this thesis as it provides information for both deciduous and 
permanent teeth.  
 
4.5.4 Methods for Recording Defects of the Dental Enamel (DDEs) 
DDEs were recorded in all deciduous and permanent teeth for this sample. 
For each defect, classification (see Table 4.15), width, severity (see Table 4.16 
below), and distance between the occlusal aspect of the defect (start of 
formation) and cemento-enamel junction was measured (to the nearest 0.1 
 








mm) using dental callipers (Buikstra and Ubelaker 1994: 57). Crown height 
and severity of dental wear (see Table 4.17 below) were also recorded because 
of their influence on age estimations at time of defect formation.  
 
It was also noted when DDEs were recorded on multiple teeth of an 
individual, preventing a single stress event being recorded as numerous 
events (Goodman and Rose 1991). Finally, age at the start of defect formation 
was estimated using Goodman and Rose’s (1991: 289) formulae as follows: 
 
Age at formation= age at crown completion – [(years of formation/crown 
height) x defect height from CEJ)] 
 
To be consistent with other bioarchaeological research into DDEs, frequencies 
and percentages of teeth with and without defects, individuals with and 
without defects was recorded, and median age at the start of defect 
development was recorded. Kruskal-Wallis tests will be used to determine 
whether there are any significant differences between these medians. Only a 
few studies have used Kruskal-Wallis testing for defect formation before, as 
researchers tend to present DDEs as frequencies and percentages. However, 
medians are an excellent representation of the data, and the best approach to 
analyses when data is not evenly distributed. The equation also provided 
some challenges, as it requires knowledge of the start and completion times of 
crown formation, which is particularly difficult for some of the deciduous 
dentition. Estimations of time of initial calcification and complete crown 
development also vary considerably between populations and sexes (see 
Demirjian et al., 1973; Moorrees et al., 1963a; b, and Kronfield 1933).  
 
For this thesis, Moorrees et al.’s (1963a; b) data for permanent dentition and 
posterior deciduous dentition was used and averaged between males and 
females to obtain a median age. Yet, initial calcification ages are not provided 
for the anterior deciduous dentition, so estimations were taken from Kronfeld 
(1933).  
 








Table 4.12:	The modified FDI system for defects of dental enamel (DDEs) (tabulated from Goodman 
and Armelagos 1989: 10).	
Number Description 
00 Normal 
01 Opacity (White/Cream) 
02 Opacity (Yellow/Brown) 
03 Hypoplasia (Pits) 
04 Hypoplasia (Horizontal Grooves) 
05 Hypoplasia (Vertical Grooves) 
06 Hypoplasia (Missing Enamel) 
07 Dis-coloured Enamel (Not Associated with Opacity) 
08 Other Defects 
09 Combination of Defects 
 
Table 4.13:	 The coding for the severity of a defect of dental enamel (taken from Clarkson and 
O’Mullane 1992: 241).  
Number Extent of Defect on Tooth Crown Surface 
00 Normal 
01 Less than 1/3 
02 At least 1/3 to 2/3 
03 At least 2/3 
 
Table 4.14:	Dental wear coding (taken from Duray 1996: 277).	
Number Dental Wear Rating 
00 No noticeable wear. 
01 Polishing on cusps, thin linear exposure of dentine on the incisors. 
02 Point exposure of dentine on cusps, thicker linear exposure on incisors. 
03 Broad facets on cusps, 20-30% crown loss. 
04 Coalescence of cusps, 30-50% crown loss. 
05 Fifty percent or greater loss of crown. Dentin exposed as a broad 
uninterrupted surface.  
 
4.6 Skeletal Growth and Development 
Hypothesis one predicts a negative impact on growth with the advent of 
agriculture, manifesting as a delay in linear growth, skeletal development, 
and maturation. Linear and cortical bone growth, as well as the development 
of puberty indicators, was assessed to test hypothesis one. These types of data 
were chosen because they are widely-applied measures of growth quality and 
can be used to investigate the impact of environmental conditions on health. 
Background and methodological application for each type of growth data 
collected is discussed below.  
 
 








 4.6.1 Linear and Appositional/Cortical Bone Growth and Maturation 
As discussed in Chapter Three, bone growth is highly sensitive to the 
environment and reacts in a fairly predictable manner (Bogin 1988; Cardoso 
2007; Gluckman et al., 2005; Lechtig et al., 1975; Metcalfe and Monaghan 2001; 
Otten et al., 2015; Parsons et al., 2001). Aspects of skeletal growth, including 
diaphyseal length, bilateral asymmetry, cortical thickness, and attainment 
developmental stages are affected, allowing bioarchaeologists to study 
skeletal growth as a proxy for health in past populations and will be 
investigated for this thesis (Albert and Greene 1999; Auerbach and Ruff 2006; 
Armelagos et al., 1969; Cardoso 2007; Mays 1999). 
 
For example, delayed epiphyseal fusion and attainment of biological 
milestones occur in poor environments (Alvear et al., 1986; Humphrey 2000; 
Lewis et al., 2016a; b; Shapland and Lewis 2013; 2014). To a lesser extent, long 
bone asymmetry has been investigated, as the degree of natural asymmetry is 
exacerbated in negative conditions (Albert and Green 1996; Auerbach and 
Ruff 2006; De Leon 2007). Physiological stress leads to developmental 
instability creating this greater asymmetry (De Leon 2007: 520). For example, 
increased levels of skeletal fluctuating asymmetry have been recorded in 
stressed humans and animals in relation to malnutrition, for example (Siegel 
et al., 1977).   
 
Bone width, appositional growth, or cortical thickness is also affected by poor 
growing conditions (Hatch et al., 1983; Himes et al., 1975; Hummert and van 
Gerven 1983; Mays 1999; Mays et al., 2009). Appositional growth is the process 
of bone deposition without cartilage, responsible for bone width, through 
direct placement of new bone onto previous cortical layers (Mays 1999). 
During infancy and childhood, this new bone is laid on the sub-periosteal 
surface of the element (see Figure 4.7 below), while resorption takes place on 
the endosteal surface enabling the identification of cortical thickness changes 
from measurements of the external aspect of the bone (Mays 1999). Normally, 
deposition outpaces resorption during infancy and childhood, but in cases of 
nutrient-deficiency, thin cortical bone is recorded suggesting resorption is 
faster (Hatch et al., 1983; Himes et al., 1975; Mays 1999; Mays et al., 2009). For 
 








example, Himes et al. (1975) studied second metacarpal cortical growth in 710 
malnourished and well-nourished Guatemalan children, reporting thinner 
cortices in the malnourished cohort. Linear growth also frequently continues 
during severe environmental stress at the expense of cortical thickness 
(Auerbach and Ruff 2006; Barnett and Nordin 1960; DeLeon 2007; Hummert 
and van Gerven 1983; Kujanova et al., 2008; Mensforth 1985). In these negative 
periods, bone thickness is reduced from the periosteal and endosteal aspects 
(Mays 1999). As cortical thickness, long bone asymmetry, and linear growth 
are established indicators of skeletal growth quality, they will be assessed to 
investigate health in these prehistoric populations from northern Chile.  
 
Finally, significant environmental stress may delay epiphyseal formation and 
fusion correlated with sex-specific chronological age ranges (Humphrey 2000; 
Scheuer and Black 2000). Therefore, many epiphyses and other developmental 
milestones that coincide with stages of adolescence are used to assess growth 
progress and are discussed in Section 4.4.6.  
 
Techniques are available to investigate the size of individual at birth or 
during infancy and later periods using the length of a long bone that is placed 
into a formula to get the individual’s size. However, most of these methods 
have been developed on white, healthy individuals (e.g. Chitty and Altman 
2002; Chitty et al., 1994), and there are no available techniques for the Aymara, 
descendants of these ancient populations from northern Chile. This means 
that comparisons of the size of these ancient babies at birth using techniques 
derived from modern populations has significant issues and so, will not be 
used for this thesis.  
 
 4.6.2 Linear Bone Growth 
Linear bone growth data was collected from infants and children by taking 
the maximum lengths of all long bones available. These measurements were 
collected using an osteometric board (mm) for larger bones (≥150 mm), and 
sliding callipers for the smaller bones (to nearest 0.1mm; see Figure 4.8 below; 
Buikstra and Ubelaker 1994; Bass 2005).  
 
 










Figure 4.7: The measurements taken from the mid-shaft of the long bones are illustrated here for the 
femur, where AB is the diameter at the mid-shaft (recorded for this thesis), and X is the diameter of the 
medullary cavity (adapted from Barnett and Nordin 1960: 166, and modified to include colour by Mr. 
Robert McPhee, University of Otago 2016). 
 
 









Figure 4.8:	Examples of diaphyseal measurements of the humerus (L. top panel), radius (R. top panel), 
femur (L. bottom panel) and ulna (R. bottom panel) using digital callipers (Author’s own work). 
 
 4.6.3 Skeletal Maturation 
For this thesis, epiphyseal fusion progress was recorded to determine whether 
the individual was still growing, allowing them to be included in this research 
(Bass 2005; Scheuer and Black 2000). Other epiphyses, including the iliac crest 
and distal radius, discussed in Section 4.4.6, were assessed to investigate 
delays in maturation related to health and epiphyseal scoring involved a 
visual four-stage scoring system (see Figure 4.9 and Table 4.15 below). The 
four stages include: no epiphysis (0), epiphysis present (1), epiphysis fusing 
(2), and epiphysis fused (3).  
 
Variation exists in numbers of stages reported for epiphyseal union scoring 
systems, including four and five stages sequences (Cardoso 2006). The four-
stage system was chosen because increasing numbers of stages promotes 













Figure 4.9:	The stages of epiphyseal fusion as summarised below in Table 4.15 are illustrated here for 
the distal epiphysis of the left femur. Stage 0 shows the formation of the diaphysis without the 
epiphysis, stage one shows the formation of the epiphysis, stage two the fusing of the epiphysis, and 
stage three the complete fusion of the epiphysis and obliteration of the epiphyseal line (adapted from the 
Simon-Fraser webpage, 2010 to include colour by Mr. Robert McPhee, University of Otago 2016).  	
	
Table 4.15: Categorisation of the epiphyseal fusion used in conjunction with the Scheuer and Black age 
ranges provided (adapted from Buikstra and Ubelaker 1994: 41).  
Stage Definition 
0 No epiphysis present (No Union). 
1 Open: epiphysis and diaphysis are completely separate – no bony union 
(Unfused). 
2 Partial Union: some union has occurred (Fused).  
3 Complete Union: all visible aspects of the epiphyses are united 
(Obliterated). 
NR Not Recordable/Unobservable. 
 
4.6.4 Mid-Shaft Maximum Diaphyseal Width (Cortical Growth) 
Because bone is resorbed from both the sub-periosteal and endosteal surfaces 
during stress, mid-shaft widths were taken to assess cortical growth (Chew 
2010: 282). For this research, mid-shaft widths of all long bones were recorded 
(to nearest 0.1mm). To assess potential bone thickness changes over time, 
 








bone lengths were obtained first, using an osteometric board or sliding 
callipers as described above. The midpoint of the shaft was then located and 
maximum widths recorded in the medio-lateral plane (to nearest 0.1mm; see 
Figure 4.7) as described by Buikstra and Ubelaker (1994: 79-84).  
 
4.6.5 Skeletal Asymmetry 
Maximum bone lengths (mm) and mid-diaphyseal widths (mm; medio-lateral 
plane) were recorded bilaterally to investigate developmental asymmetry.  
 
4.6.6 Indicators of the Start and End of Biological Adolescence  
Over the last decade, bioarchaeologists have begun to study elements that act 
as indicators of the start and end of adolescence as a means of investigating 
health quality (Legge 2005; Shapland and Lewis 2013; 2014; Lewis et al., 2016a; 
b). Certain skeletal and dental elements are used as they have developmental 
stages coinciding with specific phases of biological adolescence (Frisancho et 
al., 1969; Hagg and Taranger 1981; 1982; Shapland and Lewis 2013; 2014). This 
section briefly discusses current literature on these elements for the purpose 
of identifying stages of biological adolescence before outlining the 
methodological approach taken for this thesis.  
 
The first adolescence study involved a sample of 22 prehistoric Native 
Americans (Legge 2005). Dental ages were estimated using eruption charts 
(Ubelaker 1989), and adolescent growth progress was assessed from 
attainment age of skeletal milestones, including fusion of proximal radial and 
ulna epiphyses. Age at onset of adolescence was estimated to be ~14.95 ± 2.53 
years. 
 
The following studies, developed by Shapland and Lewis (2013; 2014) and 
Lewis and et al. (2016a; b) were more sophisticated in their approach. Seventy-
eight individuals from St. Peter’s medieval graveyard (ca. 1,050- 300 BP; 
Shapland and Lewis 2013), 594 individuals from the St. Mary Spital skeletal 
assemblage (ca. 900- 541 BP; Shapland and Lewis 2014), and 994 adolescents 
from four English medieval urban sites, including St. Peter’s Church, Barton-
 








upon-Humber, St. Helen-on-the-Walls, and Fishergate House (ca. 1,100- 450 
BP; Lewis et al., 2016a; b) were studied. In all of this research, age was 
estimated using Moorrees and colleagues’ (1963a) method, while elements 
used as indicators of biological adolescent progress included the permanent 
mandibular canine (not used in age estimation), hamate hook, epiphysis of 
the distal phalanx of digit II (hand), iliac crest epiphysis, and distal radial 
epiphysis (see Table 4.16 below; Shapland and Lewis 2013; 2014). Initial 
studies were primarily to determine whether these elements were useful as 
indicators, in comparison with long bone growth and cervical vertebrae 
maturation (Shapland and Lewis 2013; 2014). Findings show that these 
elements are useful for indicating when adolescent growth was affected by 
negative environmental conditions, for example, later adolescence was 
prolonged in adverse growth conditions (Shapland and Lewis 2014). 
 
Lewis et al. (2016a; b) then applied the indicators to 994 adolescents of 
European descent, reporting adolescence commenced in females around ~15 
years, similar to modern females. Conversely, medieval males experienced a 
prolonged phase IV of adolescence compared to modern counterparts (Lewis 
et al., 2016a). Finally, Lewis et al. (2016b) investigated the effects of chronic 
conditions, such as tuberculosis, on adolescent growth in 607 of these 
individuals, showing these conditions were linked to delayed adolescent 
growth, particularly during later phases (Lewis et al., 2016b). Research on 
adolescent growth suffers from challenges, including small sample sizes, 
representativeness of health (osteological paradox), and westernised biases in 
gender interpretations (Legge 2005; Wood et al., 1992). For example, Legge 
(2005) reported that all adolescent indicators were only present for 25% of the 
sample, revealing a need for more indicators in robust elements. Despite the 
limitations, adolescent growth research in bioarchaeology offers valuable 















Table 4.16:	A summary of the five somatic stages of adolescent development and the corresponding 
stages of skeletal and dental elements that may act as indicators of adolescent progress (summarised 
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Commences 
fusion within 























Stages IV, V, 
and VI Stage VI 
 
 4.6.7 The Mandibular Canine 
Mineralization progress of the permanent mandibular canine between 10 to 
12 years of age makes it a useful indicator of biological adolescent progress 
(Chertkow 1980; Hagg and Taranger 1981; 1982). Yet, there have been some 
limitations in applying the canine as an indicator of adolescent progress. 
Chertkow (1980) applied Demirjian and colleagues’ (1973) method, reporting 
root apices were closed, signalling completed growth, before adolescence in 
black South African males and females. Conversely, Peruvian and French-
Canadian subjects did not exhibit this precocious development, suggesting 
population differences in timing and applicability of the approach for 
adolescence (Cameriere et al., 2007; Tompkins 1996).  
 








For this thesis, mineralization stages of the canine’s root will be assessed and 
scored from radiographs using Demirjian et al.’s (1973) technique (see Table 
4.16). The canine was included in dental age estimations in this thesis because 
of the small numbers of teeth, and limitations of low tooth numbers for age 
estimations using Moorrees et al.’s (1963a; b) method.  
 
4.6.8 Hand-Wrist Bones 
Between 10 to 12 years of age, the adductor sesamoid bones start to ossify, 
phalangeal and metacarpal epiphyses commence fusion, the hamate hook 
develops, and the distal radial epiphysis fuses between ~15 and 20 years 
(Bjork and Helm 1967; Fishman 1982; Greulich and Pyle 1959; Scheuer and 
Black 2000).  
 
Studies of white American and Swiss females show the adductor sesamoid 
bone and distal phalangeal epiphysis of digit II, when assessed together, can 
indicate whether the first menstruation (menarche) has occurred (Frisancho et 
al., 1969). The adductor sesamoid bone commences mineralization and 
phalangeal epiphysis starts to fuse 22 and two months before menarche, 
respectively (Bjork and Helm 1967; Buehl and Pyle 1942; Chapman 1972; Flory 
1936; Frisancho et al., 1969; Hagg and Taranger 1982). The distal epiphysis of 
digit II (hand) will be scored as described in Table 4.16 and shown in Figure 
4.9. The adductor sesamoid bone is recorded as present or absent (Frisancho et 
al., 1969).  
 
Hamate hook research, limited to radiographic studies of American whites 
and Australian Aborigines, modified for dry bone, describes four stages of 
development coinciding with different phases of biological adolescence (see 
Table 4.16; Grave and Brown 1976; Tanner et al., 2001; Shapland and Lewis 
2013). Hamate hook development will be recorded by identifying one of three 
stages (see Figure 4.10 below; Shapland and Lewis 2013; Tanner et al., 2001).  
 
 









Figure 4.10: The stages of hamate hook development. From the left to right: Stage H (onset of 
adolescence), Stage H.5 (acceleration phase), and Stage I (peak height velocity, deceleration, and 
maturation phases) as adapted from the radiographic technique of Tanner et al. (2001) for dry bone by 
Shapland and Lewis (2013; Author’s own work 2016).	
 
During adolescence, the distal radial epiphysis attains adult morphology and 
begins to cap the end of the diaphysis (Scheuer and Black 2000). Hagg and 
Taranger’s (1982) research with 212 white Swedish females and males shows 
this epiphysis is useful for estimating the remaining growth during 
adolescence. Fusion commences between one year and five months in males 
and females, respectively, prior to the cessation of growth (Hagg and 
Taranger 1982). The epiphysis will be scored as described in Table 4.16 and 
Figure 4.9; Buikstra and Ubelaker 1994; Shapland and Lewis 2013).  
 
4.6.9 The Iliac Crest Epiphysis 
This epiphysis begins to ossify ~six months before menarche, according to 
studies of North American white females (Biondi et al., 1985; Buehl and Pyle 
1942; Hacquebord and Leopold 2012; Sanders et al., 2006; Simmons and 
Greulich 1944). Degree of fusion will be recorded as shown in Table 4.16 and 
Figure 4.9.  
  
 








4.6.10 Cervical Vertebrae Maturation (CVM) 
Annular epiphyses develop on the superior and inferior surfaces of vertebral 
bodies during adolescence (Scheuer and Black 2000). These epiphyses cause 
vertebrae to undergo morphological changes used to identify stages of 
biological adolescence (Baccetti et al., 2002; Hassel and Farman 1995; 
Lamparski 1972). CVM can be assessed using numerous techniques with 
varying numbers of stages, subject age ranges, and qualitative vs. quantitative 
approaches (Baccetti et al., 2002; 2005; Hassel and Farman 1995; Lamparski 
1972; San Roman et al., 2002). Hassel and Farman’s (1995) technique was 
chosen for this thesis because it can be applied from visual assessments of dry 
bone and provides estimations of remaining growth (see Table 4.17 below). 
Vertebral bodies of C2 to C4 were assessed as shown in Figure 4.11 below 
(Shapland and Lewis 2014).  
 
Table 4.17:	Correlations of CVM to the adolescent growth spurt (taken from Hassel and Farman 1995: 
145).	
Stage Progress of Overall Growth Spurt 
01 Initiation: 80-100% of adolescent growth remaining. 
02 Acceleration: 65-85% of adolescent growth remaining. 
03 Transition: 25-65% of adolescent growth remaining. 
04 Deceleration: 10-25% of adolescent growth remaining. 
05 Maturation: 5-10% of adolescent growth remaining. 
06 Completion: little or no adolescent growth remaining. 
 
4.7 Sex Assessment from Immature Skeletal Remains 
Sex assessment from immature remains, prior to adolescence, is fairly reliable 
(~ 80% accuracy), but involves varying degrees of success with each technique 
that is related to population and biological age (see Section 3.5.4; Buikstra and 
Meikle 1985; Cardoso and Saunders 2008; Holcomb and Konigsberg 1995; 
Schutkowski 1993; Sutter 2003; Weaver 1980; Wilson et al., 2008). Further, 
because of sample sizes, sex assessment for this thesis will not be carried out. 
If sex assessment is applied, only individuals that have reached biological 
adolescence, indicated by the fusion of the three bones of the innominate, or 
elements used to identify the onset of puberty will be included (Legge 2005; 
Shapland and Lewis 2013; 2014).  
 
 








4.7.1 Sex Assessment Methodological Approach  
Methods, involving visual assessment of features from the pelvis and skull 
(widely applied in osteological research), will be used for sex assessment. 
Application of these techniques involves visually scoring sexually dimorphic 
features of the skull and pelvis. This approach involves placing each feature, 
including the greater sciatic notch, sacrum, pelvic subpubic angle, mandibular 
protrusion, brow ridge, gonial angle, and supra-orbital margin of the skull 
into one of five categories (see Table 4.18 below; Ascardi and Nemeskeri; 
Buikstra and Ubelaker 1994; Brickley 2004; Phenice 1969).  
 
Table 4.18: The score and associated sex assessment as widely accepted and employed in a number of 
different techniques (White and Folkens 2005: 391-392).  







4.8 Data Types and Statistical Approaches   
The statistical analyses for this thesis can be separated into two broad 
approaches: one for linear and cortical growth, and the other for dental crown 
size and asymmetry, linear and cortical asymmetry, and indicators of 
biological adolescence. Data types for this thesis are summarised in Table 4.19 
below. 
 
4.8.1 Background of the Statistical Approach: Linear and Cortical 
Growth  
Linear and cortical growth will be investigated by adopting an approach that 
assumes a linear association between dental age and bone growth. Dental age 
will be treated as the explanatory variable and the bone measurement as the 
dependent variable for the analyses (Statistical Solutions 2013).  
 
 










Figure 4.11: Cervical vertebrae maturation stages for observations of the C3 and C4 (Shapland and 
















Lines of ‘best fit’ will be used to represent the bone growth data for each 
archaeological phase. This approach allows intercepts and slopes of the lines 
to be compared to identify growth disturbances. This method of analysis may 
also allow independent variables to be used to predict the values of 
dependent variables (Lane 2016; Nau 2016; Statistical Solutions 2013). Linear 
regression modelling is commonly used for these analyses because linear 
relationships are basic and uncomplicated to work with (Lane 2016; Nau 
2016). Where the simplest form of one dependent and one independent 
variable can be described using the formula: y= c + b*x (y is the estimated 
dependent variable, c is the constant, b is the regression coefficient, and x is 
the independent variable; Statistical Solutions 2013). 
 
Table 4.19:	A summary of the types of data that will be collected for this thesis.  
Indicator of 
Growth Quality Data Collected Data Type 
Linear Growth 
Diaphyseal lengths Continuous 
Epiphyseal Fusion Progress Categorical 
Cortical Thickness Continuous 
Dental 
Development Dental Developmental Age Categorical 
Adolescent 
Indicators 
Ossification of the Iliac Crest Categorical 
Ossification of the Distal Radial 
Epiphysis Categorical 
Mineralization stage of the 
mandibular canine. Categorical 
Presence of the adductor sesamoid 
bone Categorical 
Fusion of the epiphysis for the 
distal phalanx of digit II Categorical 
Development of the hook of the 
hamate bone Categorical 




Tooth crown dimensions Continuous 
Defects of Dental 
Enamel (DDEs) 
Type of Defect Categorical 
Distance from cemento-enamel 
junction (age of attainment) Continuous 
Width of Defect Continuous 
Severity of Defect Categorical 
 
 








Linear modelling of the data is logical, supporting the assumption that as a 
growing person gets older, they get larger. However, there are limitations to 
this approach, for example, linear regression analyses involve using a line of 
‘best fit’ to explain data and to make predictions (Statistical Solutions 2013). In 
Figure 4.12 below, the black line is the line of ‘best fit’ representing the data 
and explaining the relationship between ‘Dependent Variable Y’ and 
‘Independent Variable X’ (Nau 2016). The regression line is a fit to the means 
of the data, rather than directly explaining each data point. This means that 
there is variation in the error ranges when using the equation created to 
predict the dependent variables. For example, in Figure 4.12, the blue point is 
closer to the line than the yellow point, so there would be more error in trying 
to predict the yellow point.  
 
In bioarchaeology, this variation and predictive error does have implications 
for studies of health that need to be considered. For example, a line of ‘best fit’ 
would mean that certain data points could have a greater effect on the slope 
and position of the line than others. This may be the case for numbers of older 
individuals or significant outliers, affecting the fit of the line, and thus, 
findings for health. Therefore, it is important to consider how this approach 
may impact on the interpretations of growth findings and health. Despite 
these limitations, linear regression is currently the most suitable approach for 
growth studies in bioarchaeology.  
 
 









Figure 4.12: A scatter plot of example data. The black line consists of the predictions, the points are the 
actual data, and the vertical lines between the points and black lines represent errors of prediction made 
by the black line for the data (taken from Lane 2016).	
 
4.8.2 Statistical Approach: Observer Error  
Intra-observer error will be calculated first for bone length and maximum 
mid-shaft measurements (mm) before differences in growth rate are 
investigated between the archaeological phases. Twenty-five individuals will 
be randomly selected and all elements re-measured for intra-observer error 
rates. One Way Analysis of Variance (ANOVA) Tests were run separately for 
right and left elements (see Table 4.20 below for the skeletal analyses) to test 
for potential biases that could occur when measuring the different sides.  
 
	 Long Bone Measurements: Observer Error 
Results for the long bones show an acceptable ICC of >0.70 (Cicchetti 1994) for 
most of these elements, except the right clavicle, and left and right fibulae (see 
Table 4.21 below), notably below the acceptable error level. Therefore, caution 
is necessary when placing value on analyses and interpretations of health 
involving these bones. Unusual clavicle morphology explains the low 
 








repeatability, while low repeatability of the fibula measurements may be 
linked to representativeness within the sample. Most of the fibulae used in 
these analyses came from the later archaeological periods that had relatively 
low representation in the older age categories. Therefore, the low ICC may be 
caused by differences in bone size and associated error. For example, a one 
millimetre difference on shorter bone measurements would be larger than a 
one millimetre difference on the longer bones. As most of the fibulae are 
shorter, this is likely responsible for the disparities seen.  
 
Table 4.20: One-Way Analysis of Variance (ANOVA) tests for intra-observer error of right and left 












L. Humerus 22 0.705 0.397 1.000 0.826 
R. Humerus 18 1.000 1.000 1.000 1.000 
L. Radius 24 1.000 1.000 1.000 1.000 
R. Radius 28 0.723 0.468 0.979 0.849 
L. Ulna 14 1.000 1.000 1.000 1.000 
R. Ulna 22 1.000 1.000 1.000 1.000 
L. Clavicle 32 0.733 0.502 0.964 0.854 
R. Clavicle 32 0.137 0.413 0.948 0.819 
L. Femur 38 0.722 0.504 0.941 0.846 
R. Femur 34 0.726 0.497 0.955 0.849 
L. Tibia 36 0.728 0.507 0.949 0.845 
R. Tibia 26 0.743 0.494 0.993 0.862 
L. Fibula 30 0.666 0.380 0.953 0.810 
R. Fibula 24 0.596 0.224 0.968 0.762 
	 Mid-Shaft Maximum Width Measurements: Observer Error 
Twenty-five individuals were randomly selected and all elements were re-
measured for intra-observer error. One-Way Analyses of Variance (ANOVA) 
Tests were run for each type of bone from the right and left sides of the body 
and the results were tabulated (see Table 4.21 below). Results show an intra-
class correlation coefficient (ICC) of ≥0.70 for most of the bones indicating an 
acceptable level of repeatability. However, the ICC for right clavicle and right 
fibula are slightly lower than the accepted level (≥70) and this will be 
considered when interpreting health findings from these measurements.  
 
 








Table 4.21: Analysis of Variance (ANOVA) results for the mid-shaft maximum widths (MMSDW) of 












L. Humerus 29 0.713 0.452 0.973 0.836 
R. Humerus 26 0.823 0.643 1.004 0.909 
L. Radius 26 0.611 0.264 0.958 0.772 
R. Radius 30 0.730 0.488 0.972 0.852 
L. Ulna 24 0.998 0.996 1.000 0.999 
R. Ulna 28 0.999 0.998 1.000 1.000 
L. Clavicle 32 0.820 0.656 0.985 0.906 
R. Clavicle 30 0.612 0.291 0.933 0.771 
L. Femur 40 0.846 0.718 0.973 0.920 
R. Femur 36 0.843 0.706 0.980 0.919 
L. Tibia 38 0.718 0.497 0.939 0.842 
R. Tibia 28 0.766 0.545 0.988 0.875 
L. Fibula 36 0.754 0.550 0.957 0.866 
R. Fibula 28 0.630 0.309 0.952 0.785 
 
Tooth Crown Measurements: Observer Error 
Twenty-five individuals were selected from the collection at random and all 
of the available teeth that represented these individuals were re-measured for 
intra-observer error. One-Way Analyses of Variance (ANOVA) Tests were 
run for each dimension of the left and right dentition and results were 
tabulated in Table 4.22 for the maxillary permanent dentition, Table 4.23 for 
mandibular permanent dentition, and Table 4.24 for the deciduous maxillary 
and mandibular dentition). Results show an intra-class correlation coefficient 
of ≥0.70 (Cicchetti 1994) for most of dental measurements, except for the 
second deciduous maxillary molar BL measurement. The accuracy for dental 
measurements may be linked to size, as discussed for bone length, where the 
element’s size is not changing drastically, affecting error percentage or 
significance. For example, a 0.1 mm dissimilarity is considered to be a large 
difference but if the tooth size remains within a certain range, the error rate 
will remain fairly constant. As a result, repeatability of the measurements has 
been consistent (see Tables 4.22- 4.24).  
 
 








Table 4.22: Analysis of Variance (ANOVA) results for all measurements of the left and right upper 
permanent teeth from the canines (13, 23) to the second molars (17, 27; too few variables for the upper 
third molars; 18, 28) with the measurement, number of observations, inter-class correlation (ICC), 
95% confidence interval, and reliability of individual mean. 






BL 12 0.995 0.986 1.003 0.997 
CH 6 0.950 0.828 1.073 0.975 
MD 12 0.959 0.892 1.026 0.979 
14 
BL 20 0.993 0.984 1.002 0.997 
CH 14 0.932 0.832 1.033 0.965 
MD 18 0.982 0.958 1.006 0.991 
15 
BL 16 0.945 0.869 1.022 0.972 
CH 12 0.997 0.992 1.002 0.998 
MD 16 0.976 0.941 1.010 0.988 
16 
BL 36 0.991 0.982 0.999 0.995 
CH 22 0.994 0.986 1.001 0.997 
MD 36 0.990 0.981 0.999 0.995 
17 
BL 18 0.997 0.994 1.001 0.999 
CH 14 0.989 0.971 1.006 0.994 
MD 18 0.963 0.915 1.012 0.981 
23 
BL 14 0.999 0.998 1.000 1.000 
CH 12 0.990 0.974 1.007 0.995 
MD 14 0.977 0.942 1.012 0.988 
24 
BL 22 0.990 0.977 1.002 0.995 
CH 16 0.998 0.996 1.001 0.999 
MD 22 0.976 0.946 1.005 0.988 
25 
BL 12 0.978 0.940 1.015 0.989 
CH 8 0.965 0.892 1.038 0.982 
MD 12 0.966 0.910 1.022 0.983 
26 
BL 36 0.986 0.973 0.999 0.993 
CH 24 0.993 0.986 1.001 0.997 
MD 36 0.990 0.981 0.999 0.995 
27 
BL 18 0.987 0.969 1.004 0.993 
CH 12 0.993 0.980 1.005 0.996 
MD 18 0.871 0.704 1.037 0.923 
 
13= right maxillary canine, 14= right maxillary first premolar, 15= right maxillary second 
premolar, 16= right maxillary first permanent molar, 17= right maxillary second permanent 
molar. 
 
23= left maxillary permanent canine, 24= left maxillary first premolar, 25= left maxillary second 
premolar, 26= left maxillary first permanent molar, and 27= left maxillary second permanent 
molar. 
 













Table 4.23: Analysis of Variance (ANOVA) results for all measurements of the left and right lower 
permanent teeth from the canines (33, 43) to the second molars (37, 47) (too few variables for the third 
molars – 38 and 48) with the measurement, number of observations, inter-class correlation (ICC), 95% 
confidence interval, and reliability of individual mean. 






BL 14 0.964 0.909 1.019 0.982 
CH 12 0.822 0.549 1.094 0.902 
MD 16 0.912 0.792 1.033 0.954 
34 
BL 20 0.991 0.980 1.002 0.995 
CH 16 0.995 0.988 1.002 0.998 
MD 20 0.937 0.857 1.016 0.964 
35 
BL 14 0.989 0.972 1.006 0.994 
CH 10 0.998 0.995 1.002 0.999 
MD 16 0.989 0.974 1.005 0.995 
36 
BL 32 0.979 0.959 1.000 0.989 
CH 22 0.971 0.936 1.006 0.985 
MD 32 0.991 0.983 1.000 0.996 
37 
BL 22 0.952 0.896 1.009 0.976 
CH 18 0.919 0.815 1.024 0.958 
MD 22 0.977 0.950 1.004 0.989 
43 
BL 14 0.930 0.827 1.034 0.964 
CH 12 0.995 0.986 1.004 0.997 
MD 14 0.993 0.981 1.004 0.996 
44 
BL 24 0.992 0.983 1.001 0.996 
CH 20 0.987 0.979 1.003 0.993 
MD 24 0.969 0.933 1.004 0.984 
45 
BL 16 0.985 0.964 1.006 0.993 
CH 10 0.994 0.982 1.005 0.997 
MD 16 0.974 0.938 1.011 0.987 
46 
BL 32 0.971 0.943 1.000 0.984 
CH 18 0.978 0.949 1.008 0.988 
MD 32 0.982 0.965 1.000 0.991 
47 
BL 20 0.913 0.807 1.019 0.954 
CH 12 0.961 0.896 1.025 0.980 
MD 20 0.983 0.961 1.005 0.991 
 
 
33= left mandibular canine, 34= left mandibular first premolar, 35= left mandibular second 
premolar, 36= left mandibular first permanent molar, 37= left mandibular second permanent 
molar. 
 
43= right mandibular permanent canine, 44= right mandibular first premolar, 45= right 
mandibular second premolar, 46= right mandibular first permanent molar, and 47= right 
mandibular second permanent molar. 
 












Table 4.24: Analysis of Variance (ANOVA) results for the right and left upper and lower deciduous 
teeth from canines (53, 63, 73, 83) to the second molars (55, 65, 75, 85) with the measurement, number 
of observations, inter-class correlation (ICC), 95% confidence interval, and reliability of individual 
mean. 






BL 6 1.000 0.999 1.000 0.999 
CH 4 0.910 0.617 1.202 0.952 
MD 6 0.999 0.997 1.001 0.999 
54 
BL 16 0.989 0.973 1.005 0.993 
CH 8 0.960 0.875 1.044 0.974 
MD 18 0.993 0.983 1.002 0.991 
55 
BL 14 0.535 0.000 1.085 0.696 
CH 8 0.791 0.396 1.186 0.883 
MD 14 0.990 0.975 1.005 0.994 
63 
BL 10 0.997 0.990 1.002 0.998 
CH 4 0.955 0.805 1.104 0.976 
MD 10 0.999 0.997 1.001 0.999 
64 
BL 14 0.997 0.992 1.001 0.998 
CH 10 0.924 0.784 1.063 0.951 
MD 12 0.994 0.985 1.003 0.996 
65 
BL 16 0.990 0.976 1.004 0.994 
CH 8 0.985 0.953 1.016 0.992 
MD 16 0.982 0.956 1.007 0.990 
73 
BL 10 0.954 0.869 1.039 0.971 
CH 6 0.961 0.862 1.060 0.972 
MD 10 0.864 0.622 1.106 0.912 
74 
BL 16 0.997 0.992 1001 0.998 
CH 8 0.990 0.969 1.011 0.994 
MD 16 0.931 0.835 1.026 0.964 
75 
BL 20 0.907 0.793 1.02 0.946 
CH 4 0.823 0.276 1.370 0.902 
MD 20 0.972 0.936 1.007 0.984 
83 
BL 10 0.984 0.954   1.013 0.990 
CH 4 0.992 0.965 1.019 0.993 
MD 10 0.998 0.994 1.001 0.998 
84 
BL 18 0.963 0.914 1.011 0.981 
CH 4 0.928 0.692 1.163 0.962 
MD 18 0.990 0.977 1.003 0.995 
85 
BL 22 0.991 0.980 1.001 0.995 
CH 4 0.979 0.910 1.048 0.989 
MD 24 0.991 0.981 1.001 0.995 
 
53= right maxillary canine, 54= right maxillary first molar, 55= right maxillary second molar, 
63= left maxillary canine, 64= left maxillary first molar, 65= left maxillary second molar, 73= left 
mandibular canine, 74= left mandibular molar, 75= left mandibular second molar, 83= right 
mandibular canine, 84= right mandibular first molar, and 85= right mandibular second molar. 
 
BL= buccolingual, MD= mesiodistal, and CH= crown height.  
 
 








														Dental Enamel Defect: Observer Error 
Intra-observer analyses were also carried out by re-recording the type of 
DDEs and distance to cemento-enamel junction in twenty individuals. A 
weighted Kappa Test was used to find the intra-observer agreement (92.31%; 
see Table 4.25 below) and a One-Way ANOVA was used to examine intra-
observer reliability regarding measurement from the cuspal side of the defect 
to cemento-enamel junction (see Table 4.26 below). Intra-observer analyses 
show good repeatability for the measurements and identification of DDE type 
 
Table 4.25: Results of the Kappa Weighted Test including the agreement, expected agreement, Kappa, 
standard error, Z-score, and probability of being higher than the Z-score.  
Agreement Expected Agreement Kappa Std. Error. Z Prob>Z 
92.31% 50.89% 0.8434 0.2739 3.08 0.0010 
 
Table 4.26: One-Way Analysis of Variance (ANOVA) tests for intra-observer error of measurements 
of distance from cuspal side of the defects of dental enamel to the cemento-enamel junction.  




40 0.909 0.818 1.000 0.968 
 
         Adolescent Indicators: Observer Error 
One-way ANOVA tests were used to examine intra-observer reliability in 
consistently assigning the correct developmental stage (Table 4.27). Twenty 
observations were used for the canine, radius, and CVM. Observer 
repeatability is good for the canine and radius, although it is slightly lower for 
CVM. This lower CVM agreement is because of a tendency to confuse stages I 
and II of CVM maturation. These two stages were combined for the analyses 
because of low observation numbers, so this was no longer an issue.  
 
Table 4.27: Results of the Kappa Weighted Test for the intra-observer error testing for repeatability of 
identifying developmental stages of the canine, distal radial epiphysis, and cervical vertebrae 
maturation. The agreement, expected agreement, Kappa, standard error, Z-score, and probability of 
being higher than the Z-score are shown.  
Element Agreement Expected Agreement Kappa Std. Error Z Prob>Z 
Canine 90.00 36.50 0.843 0.163 5.17 0.000 
Radius 85.71 63.27 0.611 0.151 4.04 0.000 
CVM 60.00 23.00 0.481 0.114 4.20 0.000 
 








 4.8.3 Statistical Approach: Linear and Cortical Growth  
For linear and cortical bone, a relationship was modelled between bone 
measurement (mm; dependent variable) and dental age (years; explanatory 
variable), assuming that as age increased, so did bone dimensions (growth 
occurred). Observation numbers will be reported for each set of statistical 
analyses as the entire sample is not used in each test due to the sample being 
incomplete. Averages of right and left lengths or widths of elements were 
taken for each individual to investigate potential linear and cortical growth 
disturbances, respectively, between the archaeological phases. An individual 
will be included in testing if a single element is present. Individuals will be 
included when the third permanent molar had not completely erupted and 
any of the elements were incomplete. For example, if the individual did have 
some elements fused, but any of the other elements were not fused, then they 
were incorporated into the study. Preliminary linear regression tests are 
necessary to investigate the presence of statistically significant relationships 
between bone dimensions and dental age. Once significant correlations 
between these two variables are identified, then analyses incorporating 
archaeological phases as a factor can then be carried out.  
 
For these analyses, lines of ‘best-fit’ are required to represent growth of each 
skeletal element for individual archaeological phases, allowing intercepts 
(where lines cross the y-axis) and slopes to be compared. Comparison of the 
lines enables any differences in growth between the archaeological phases 
across the agricultural transition to be identified. Yet, because growth is non-
linear, representativeness of these data by curved and straight lines through 
comparison is necessary to determine which line better describes the data. 
Testparm analyses will then be used to investigate the presence of significant 
correlations between the lines, and graphs to visually identify the more 
suitable line. Once the line of fit was chosen, the linear regression and Test 
parm analyses will be run again with dental age and bone measurement, and 
the archaeological period as a factor. Pairwise analyses will show where any 
significant differences lie.  
 
 








For each of these stages, once analyses had been carried out for the five 
phases, these periods will be combined to form the Hunter-Gatherer (Archaic, 
Formative), and Agriculturalist (Middle Horizon, Late Intermediate, Late 
Period) groups before repeating the analytical approach. The groups 
represent the transition to, and intensification of, agriculture, respectively.  
 
4.8.4 Skeletal and Dental Asymmetry Analyses  
To investigate skeletal and dental asymmetry, percentages of directional 
asymmetry (%DA) and absolute asymmetry (%AA) will be calculated to be 
consistent with current literature on asymmetry (Auerbach and Ruff 2006). 
These percentage asymmetries will be calculated as follows:  
 
%DA= (right – left)/ (average of right + left) x 100 
 
%AA = (maximum – minimum)/ (average of maximum + minimum) x 100 
 
Directional asymmetry may be genetically-related or linked to developmental 
conditions, such as hand dominance, rather than negative environmental 
conditions or health effects (Auerbach and Ruff 2006; Markow 1994). 
Importantly, a 2mm difference between the sides is a greater asymmetry 
difference for smaller dimensions than for larger dimensions, and this may 
lead to positive values for the right side and negative values for the left side. 
Therefore, absolute asymmetry will be calculated, which removes the 
possibilities of negative and positive percentages by simply ensuring that the 
minimum size is subtracted from the maximum (Auerbach and Ruff 2006). 
These differences in the sizes of elements also mean, particularly for long 
bone lengths, that elements of certain sizes should be compared as the 
differences in length will affect the asymmetry percentage values. 
Consequently, the individuals were split into age groups (<1 year, 1-5 years, 
5-10 years, 10-15 years, and 15-20 years) for linear and cortical growth 
analyses. The dentition will not be analysed by age groups because tooth 
crown of a first permanent molar, for example, will be the same size as it 
erupts that it would be in an adult.  
 
 








To assess both directional and absolute asymmetry, percentages of the 
relevant asymmetry will be calculated before medians and means for each 
cultural period or group (hunter-gatherer, agricultural) are identified. As 
Auerbach and Ruff (2006) point out, percentage data usually violates the 
requirements of parametric tests and so, non-parametric tests are required to 
complete these analyses. Kruskal-Wallis tests will then be used to determine 
whether significant differences are present in asymmetry between the 
archaeological phases or groups. Kruskal-Wallis tests are non-parametric tests 
that do not assume the data is normally distributed and can be used when 
there are only two variables, including a measurement and a categorical 
variable (e.g. archaeological phase; McDonald 2015). There are a couple of 
disadvantages to using the Kruskal Wallis test: it assumes that different 
groups are equally distributed and small sample sizes of less than three 
sometimes prevent it from detecting significant differences (McDonald 2015; 
A. Grey: personal communication). If significant Kruskal-Wallis P-values are 
present, Dunn’s Tests will be used to show where statistically significant 
differences lie (Dinno 2015). Medians will be used instead of means because 
they are not affected by outliers when the data is abnormally distributed 
although the means will be presented for comparison with other research that 
use means (Nic 2013; Survey Methods 2011). Therefore, the best approach is 
to assume that the data is abnormally distributed and use the medians (Nic 
2013; Survey Methods 2011). 
 
4.8.5 Tooth Crown Size 
To investigate general changes in tooth crown size across the agricultural 
transition, averages of the right and left dimensions will be obtained. Median 
and interquartile ranges will then be acquired for these mean measurements 
for each archaeological phase. The same analytical approach as that for the 
asymmetry will then be adopted. Kruskal-Wallis Tests will be used to 
determine whether significant differences are present between the medians of 
the dental crown dimensions. When Kruskal-Wallis tests indicate statistical 
significance, Dunn’s Tests will be used to show where these significant 
differences lay.	
 








4.8.6 Defects of Dental Enamel 
Observation numbers of teeth with defects, without defects, defect types, 
associated percentages, and distance from cuspal side of defect to the 
cemento-enamel junction (CEJ) will be recorded.  
 
Intra-observer analyses will be carried out by re-recording the type of DDEs 
and distance to cemento-enamel junction in twenty individuals. A weighted 
Kappa Test will be used to find the intra-observer agreement and a One-Way 
ANOVA to examine intra-observer reliability regarding measurement from 
the cuspal side of the defect to cemento-enamel junction. 
 
Data for number of teeth with defects and anterior vs. posterior teeth for the 
different archaeological periods and the two groups will initially be presented 
as percentages. Finally, the age at start of the defect formation will be 
calculated as described above in Section 4.3.5. Kruskal-Wallis and Dunn’s 
Tests will then be used to investigate significant differences in the median age 
of initiation of these defects between the archaeological phases or the hunter-
gather and agriculturalist groups. 
 
4.8.7 Indicators of Adolescent Development 
Analyses will involve investigating whether statistically significant 
differences in the median age of attainment over time for these elements, 
indicate changes in the timing of stages of biological adolescence. This process 
involves assigning a developmental stage to each element as previously 
discussed in Sections 4.4.6 to 4.4.10. 
 
One-way ANOVA tests will be used to examine intra-observer reliability in 
assigning correct developmental stages. Twenty observations will be used for 
the canine, radius, and CVM.  
 
Median and interquartile (IQR) ranges will be acquired for dental ages of 
individuals for the stages of development of each element. The same 
analytical approach take for crown size and asymmetry analyses will be 
applied here. Medians will be compared rather than means because it is 
 








assumed that these data are not normally distributed. Kruskal-Wallis Tests 
will then be used to determine whether significant differences are present 
between the medians of dental ages for different developmental stages of each 
element representing the different archaeological phases or groups. When 
significant differences are found, Dunn’s Tests will be used to show where 


































Chapter 5: Age Estimations from Dental Mineralization Progress 
The table below shows the archaeological phase, the culture, individual number, site, tooth, developmental stage, female and male 
age estimations, and average tooth age in years with the final age estimations. The averages were used for conservative estimations 
of biological age.  
Table 5.1: Age estimations showing the teeth used for each individual, their male and female age ranges, average age and the final age representing the 
individual: 
Archaeological 















Archaic Chinchorro T-19  Morro 1-6 
36 Ac 8.00±0.85 8.50±0.91 8.25 
10.85 
37 R ½ 9.80±1.01 10.10±1.01 9.95 
38 Coc 10.70±1.11 9.70±1.01 10.20 
43 A ½ 9.90±1.03 11.80±1.23 10.85 
44 Rc 9.90±1.03 10.30±1.09 10.10 
Archaic Chinchorro  T17 C5 Morro-1 85 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
Archaic Chinchorro T-24 Morro-1 
75 R ½ 1.50±0.20 1.60±0.21 1.55 
1.55 74 R ¾ 1.10±0.17 1.20±0.18 1.55 36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
33 R ½ 1.30±0.17 1.30±0.17 1.30 
Archaic Chinchorro T17 C4 Morro-1 
36 R ¾ 5.50±0.60 5.40±0.61 5.45 
5.45 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Archaic Chinchorro T28 C12 Morro-1 
84 A ½ 1.50±0.20 1.60±0.21 1.55 
1.55 85 Rc 2.00±0.24 2.00±0.25 2.00 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
 








Archaic Chinchorro T17 C3 Morro-1 84 Ac 1.80±0.23 1.90±0.24 1.85 4.95 
Archaic Chinchorro T2 C1 Morro-1 63 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 64 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Archaic Chinchorro T2 C2 Morro-1 
74 Ac 1.80±0.23 1.90±0.24 1.85 
4.70 75 Rc 2.00±0.24 2.00±0.25 2.00 34 Cr ½ 4.70±0.53 4.70±0.53 4.70 
36 Crc 2.20±0.28 2.10±0.29 2.15 
Archaic Chinchorro T2 C4 Morro-1 
36 A ½ 6.50±0.71 6.90±0.75 6.70 
11.15 37 Rc 11.00±1.13 11.30±1.13 11.15 
38 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Archaic Chinchorro T-5B Morro-1 
34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
5.10 35 Cr ½ 4.70±0.53 4.70±0.53 4.70 37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
46 R ½ 5.10±0.57 5.10±0.57 5.10 
Archaic Chinchorro T-27 C6 Morro-1 
47 R ½ 9.80±1.01 10.10±1.01 9.95 
11.10 
44 R ½ 8.10±0.86 8.50±0.91 8.30 
43 R ¾ 8.30±0.88 9.60±1.00 8.95 
46 Rc 5.90±0.63 5.80±0.64 5.85 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Archaic Chinchorro T-54 Morro 1-6 74 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Archaic Chinchorro T-46A Morro 1-6 
73 Cr ½ 0.25±0.10 0.20±0.10 0.225 0.225 74 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Archaic Chinchorro CH-17 Morro-1 
33 R1 4.70±0.52 4.80±0.55 4.75 
5.85 
46 Rc 5.90±0.63 5.80±0.64 5.85 
47 Cr ¾ 5.40±0.59 5.70±0.59 5.55 
45 Cr ¾ 5.30±0.59 5.30±0.59 5.30 
44 R1 5.70±0.63 5.80±0.64 5.75 
Archaic Chinchorro T-U2 Morro 1-6 46 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Archaic Chinchorro T-37 C2 Morro 1-6 
84 R ½ 0.88±0.13 0.93±0.15 0.91 1.30 85 Cl1 1.00±0.15 1.00±0.15 1.00 
 








46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
Archaic Chinchorro T-23 C2 Morro-1 83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Archaic Chinchorro T-13A Morro-1 
84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.26 85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
73 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Archaic Chinchorro T-13B Morro-1 
54 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.825 55 Cr ½ 0.25±0.10 0.27±0.10 0.26 
63 R1 0.85±0.14 0.80±0.14 0.825 
Archaic Chinchorro T-35B Morro 1-6 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
Archaic Chinchorro T-56A Morro 1-6 
74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 0.46 73 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
Formative Alto Ramirez T-4A AZ-75 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
1.55 74 R ¾ 1.00±0.17 1.20±0.18 1.10 75 R ½ 1.50±0.20 1.60±0.21 1.55 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Formative Alto Ramirez T-56 AZ-75 
83 R ½ 1.30±0.17 1.30±0.18 1.30 
1.90 84 Rc 1.30±0.17 1.30±0.17 1.30 85 R ¾ 1.90±0.23 1.90±0.23 1.90 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Formative Alto Ramirez T-2 AZ-115 
37 Coc 4.30±0.49 4.80±0.49 4.55 
5.10 44 Crc 5.00±0.56 5.20±0.58 5.10 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Formative Alto Ramirez T-6 AZ-115 
83 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Formative El Laucho T-4 PLM-7 
16 R ½ 5.10±0.57 5.10±0.57 5.10 
4.95 14 Cr ¾ 4.20±0.49 4.40±0.52 4.30 85 Rc 2.00±0.24 2.00±0.25 2.00 
17 Cr ½ 4.80±0.54 5.10±0.54 4.95 
Formative El Laucho Cr 7A PLM-7 46 Ac 8.00±0.85 8.50±0.91 8.25 12.10 
 








47 A ½ 12.00±1.23 12.20±1.23 12.10 
Formative El Laucho T-141 PLM-7 16 Ac 8.00±0.85 8.50±0.91 8.25 11.10 18 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Formative El Laucho T-305A PLM-7 
36 Cli 3.50±0.41 3.50±0.41 3.50 
4.75 
37 Cco 4.30±0.49 4.80±0.49 4.55 
33 R1 4.70±0.52 4.80±0.55 4.75 
34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Formative El Laucho Cr 651 PLM-7 16 Ac 8.00±0.85 8.50±0.91 8.25 8.25 17 Cr ¾ 5.70±0.59 5.40±0.59 5.55 
Formative Alto Ramirez T-18 AZ-14 
34 Rc 9.90±1.03 10.30±1.09 10.01 
10.40 35 R ¾ 10.00±1.05 10.80±1.13 10.40 36 A ½ 6.50±0.71 6.90±0.75 6.70 
37 R ½ 9.80±1.01 10.10±1.01 9.95 
Formative Alto Ramirez T1 C7 AZ-70 
34 R ¼ 6.50±0.69 6.80±0.74 6.65 6.65 37 Crc 6.20±0.68 6.50±0.68 6.35 
Formative El Laucho T-13 PLM-7 
16 R ½ 5.10±0.57 5.10±0.57 5.10 
5.55 17 Cr ¾ 5.40±0.59 5.70±0.59 5.55 55 Ac 2.80±0.31 3.00±0.33 2.90 
14 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Formative Alto Ramirez T-41A AZ-14 
16 Crc 2.20±0.28 2.10±0.29 2.15 4.70 14 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Formative Alto Ramirez 5N1 AZ-75D 
73 R 2/3 1.10±0.17 1.20±0.18 1.15 
2.00 23 Cr ½ 1.90±0.25 2.10±0.27 2.00 26 Cr ½ 1.00±0.17 1.00±0.17 1.00 
64 Rc 1.30±0.17 1.30±0.18 1.30 
Formative Azapa T-322 AZ-71 
24 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.55 23 Cr ¾ 2.90±0.35 2.90±0.35 2.90 26 Cr ½ 1.00±0.17 1.00±0.17 1.00 
64 Rc 1.30±0.17 1.30±0.18 1.30 
Formative Azapa T-300 AZ-71 65 Crc 0.70±0.13 0.70±0.13 0.70 0.70 
Formative Alto T7 C4B AZ-70 34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 4.95 
 








Ramirez 35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
36 R ¼ 4.60±0.52 4.70±0.53 4.65 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
33 Ri 4.70±0.52 4.80±0.55 4.75 
Formative Alto Ramirez T-165 AZ-71 
24 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.55 26 Crc 2.20±0.28 2.10±0.29 2.15 
65 Rc 2.00±0.24 2.00±0.25 2.00 
Formative Alto Ramirez T4-17 AZ-70 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.55 85 R ½ 1.50±0.20 1.60±0.21 1.55 
84 Rc 1.30±0.17 1.30±0.18 1.30 
Formative Alto Ramirez T7 C5 AZ-70 
74 Rc 1.30±0.17 1.30±0.18 1.30 
2.90 
75 R ¾ 1.90±0.23 1.90±0.23 1.90 
34 Coc 2.90±0.35 2.90±0.36 2.90 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Formative Azapa T-328 AZ-71 
37 A ½ 12.00±1.23 12.20±1.23 12.10 
12.10 36 Ac 8.00±0.85 8.50±0.91 8.25 
38 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Formative Alto Ramirez C-01 AZ-71 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
2.90 34 Coc 2.90±0.35 2.90±036 2.90 74 Ac 1.80±0.31 1.90±0.24 1.85 
75 C ¾ 2.90±0.35 2.90±0.35 2.90 
Formative Alto Ramirez T-6A AZ-75 
16 Ac 8.00±0.85 8.50±0.91 8.25 
11.45 17 R ¾ 10.50±1.09 10.80±1.09 10.65 
14 A ½ 11.00±1.15 11.90±1.24 11.45 
Formative Alto Ramirez T-67 AZ-75 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.55 
36 Crc 2.20±0.28 2.10±0.29 3.15 
37 Coc 4.30±0.49 4.80±0.49 4.55 
75 Rc 2.00±0.24 2.00±0.25 2.00 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
Formative Alto Ramirez T-81 AZ-75 
34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 4.95 35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
 








36 R ¾ 5.50±0.60 5.40±0.61 5.45 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
33 Crc 3.90±0.45 4.00±0.46 3.95 
Formative Alto Ramirez T-114 E4 AZ-75 
37 R ¾ 10.50±1.09 10.80±1.09 10.65 
11.10 38 Cr ½ 11.30±1.17 10.90±1.14 11.10 34 R ¾ 8.80±0.97 9.90±1.04 8.85 
36 Ac 8.00±0.85 8.50±0.91 8.25 
Formative Alto Ramirez T-A AZ-75 
36 Rc 5.90±0.63 5.80±0.64 5.85 
11.10 37 Crc 6.20±0.68 6.50±0.68 6.35 
38 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Formative Alto Ramirez T-3 AZ-75D 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 74 R ¾ 1.10±0.17 1.20±0.18 1.15 75 R ¼ 1.30±0.18 1.30±0.20 1.30 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Formative Alto Ramirez T-6 AZ-75D 
36 R ¾ 5.50±0.60 5.40±0.61 5.45 
5.45 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
33 R1 4.70±0.52 4.80±0.55 4.75 
Formative Alto Ramirez T-9 AZ-75D 
74 C ½ 0.15±0.10 0.20±0.10 0.175 0.175 73 Coc 0.15±0.10 0.15±0.10 0.15 
Formative Alto Ramirez T-10 AZ-75D 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
4.75 34 Cr ¾ 4.20±0.49 4.40±0.52 4.30 33 R1 4.70±0.52 4.80±0.55 4.75 
35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Formative Alto Ramirez T-13 AZ-75D 24 R1 5.70±0.63 5.80±0.64 5.75 5.75 
Formative Quiani T-19 Quiani-7 Lm1 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Formative Alto Ramirez T-16 AZ-75D 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
3.55 75 R ¾ 1.90±0.23 1.90±0.23 1.90 74 Rc 1.30±0.17 1.30±0.18 1.30 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
 








Formative Alto Ramirez T-22 AZ-75D 
73 R ¾ 1.80±0.22 1.80±0.23 1.80 
1.90 74 Rc 1.30±0.17 1.30±0.18 1.30 75 R ¾ 1.90±0.23 1.90±0.23 1.90 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Formative Alto Ramirez T-23 AZ-75D 
74 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.20 36 Cco 0.20±0.09 0.20±0.11 0.20 
Formative Alto Ramirez T-27 AZ-75D 
75 Ac 2.80±0.31 3.00±0.33 2.90 
5.85 36 Rc 5.90±0.63 5.80±0.64 5.85 35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
Formative Alto Ramirez T-2 AZ-75E 
73 Rc 2.00±0.25 2.00±0.24 2.00 
2.00 
74 Ac 1.80±0.23 1.90±0.24 1.85 
75 Rc 2.00±0.24 2.00±0.25 2.00 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Formative Alto Ramirez T-3 AZ-75E 
74 R ¾ 1.10±0.17 1.20±0.18 1.15 
1.15 75 R ½ 0.88±0.13 0.93±0.15 0.90 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Formative Alto Ramirez T-5A AZ-75E 
75 Rc 2.00±0.24 2.00±0.25 2.00 
3.55 36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Formative Azapa Museo C5 AZ-115 
75 Ac 2.80±0.31 3.00±0.33 2.90 
5.30 
34 Cr ¾ 5.30±0.59 5.30±0.59 5.30 
36 R ½ 5.10±0.57 5.10±0.57 5.10 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
33 R1 4.70±0.52 4.80±0.55 4.75 
Formative El Laucho Cr-13 PLM-7 
73 A ½ 2.50±0.28 2.50±0.28 2.50 
5.10 
74 Ac 1.80±0.23 1.90±0.24 1.85 
36 R ½ 5.10±0.57 5.10±0.57 5.10 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
75 R ¾ 1.90±0.23 1.90±0.23 1.90 
 








Formative El Laucho Cr-4 PLM-7 
17 Cr ½ 4.80±0.54 5.10±0.54 4.95 
5.10 16 R ½ 5.10±0.57 5.10±0.57 5.10 24 Cr ¾ 4.20±0.49 4.10±0.52 4.15 
25 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Formative Alto Ramirez T-20C AZ-75 
54 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.46 53 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
Formative Alto Ramirez T-106 AZ-75 
74 Cr ¾ 0.23±0.10 0.23±0.101 0.23 0.26 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Formative Alto Ramirez T-Bd AZ-75 
23 Cr ½ 1.90±0.25 2.10±0.27 2.00 
2.00 64 R ¾ 1.10±0.17 1.20±0.18 1.15 
65 Crc 0.70±0.13 0.70±0.13 0.70 
Formative Alto Ramirez T-2 AZ-75D 
75 Rc 2.00±0.24 2.00±0.25 2.00 
2.00 26 Cr ¾ 1.40±0.20 1.50±0.21 1.45 74 Ac 1.80±0.23 1.90±0.24 1.85 
23 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Formative Alto Ramirez T-1 AZ-75E 
74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.26 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
73 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Formative Quiani T-19 Quiani-7 53 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 54 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Formative Alto Ramirez T-116A AZ-71 
53 R ¼ 1.10±0.16 1.00±0.30 1.05 1.05 54 Cr ¾ 0.45±0.10 0.20±0.11 0.325 
Formative Alto Ramirez T-6 AZ-75D 36 R ½ 5.10±0.57 5.10±0.57 5.10 5.10 
Formative Alto Ramirez T-119 AZ-75 Lm2 Coc 0.25±0.10 0.27±0.10 0.26 0.26 
Formative Alto Ramirez T-119 AZ-75 74 Coc 0.25±0.10 0.27±0.10 0.26 0.26 
Formative Quiani T-17A Quiani-7 83 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Formative Quiani T-18 Quiani-7 83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 
 








85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Middle 
Horizon Cabuza T-21 AZ-6 
74 A ½ 1.50±0.20 1.60±0.21 1.65 
3.55 
75 Rc 2.00±0.24 2.00±0.25 2.00 
36 Cl1 3.50±0.41 3.50±0.41 3.50 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
Middle 
Horizon Cabuza T-98 (1/2) AZ-6 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
3.55 
85 Rc 2.00±0.24 2.00±0.25 2.00 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
84 A ½ 1.50±0.20 1.60±0.21 1.55 
Middle 
Horizon Cabuza T-105 0 3/3 AZ-6 
14 Cr ½ 3.50±0.41 3.60±0.43 3.55 
4.15 15 Coc 4.10±0.47 4.20±0.48 4.15 16 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
55 Rc 2.00±0.24 2.00±0.25 2.00 
Middle 
Horizon Cabuza T4 C3 AZ-141 
16 Rc 5.90±0.63 5.80±0.64 5.85 
7.55 
14 R1 5.70±0.63 5.80±0.64 5.75 
15 Crc 6.20±0.66 6.20±0.69 6.20 
13 R ½ 7.10±0.75 8.00±0.86 7.55 
47 Crc 7.00±0.75 6.50±0.68 6.75 
Middle 
Horizon Cabuza T-8 AZ-141 
47 Cr ¾ 5.40±0.59 5.10±0.54 5.25 
5.50 
43 R ¼ 5.30±0.57 5.70±0.63 5.50 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
44 R ¼ 6.50±0.69 6.80±0.74 6.65 
Middle 
Horizon Cabuza T-9A AZ-6 
74 R ½ 0.88±0.13 0.93±0.15 0.91 
1.30 
75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
Middle 
Horizon Cabuza T-16 AZ-6 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 74 R ½ 0.88±0.13 0.93±0.15 0.91 
75 Cr ¾ 0.45±0.10 0.20±0.11 0.325 
 








36 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Cabuza T-9B AZ-6 
26 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
2.00 64 R ¾ 1.10±0.17 1.20±0.18 1.15 
23 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Cabuza T-16 AZ-6 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 74 R ½ 0.88±0.13 0.93±0.15 0.91 75 Cr ¾ 0.45±0.10 0.20±0.11 0.33 
36 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Cabuza T-29 AZ-6 
74 A ½ 1.50±0.20 1.60±0.21 1.55 
3.55 75 Rc 1.30±0.17 1.30±0.18 1.30 34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Cabuza T-41 AZ-6 
38 Cr ¾ 11.70±1.20 11.60±1.20 11.65 
11.65 37 Rc 11.00±1.13 11.30±1.13 11.15 
36 Ac 8.00±0.85 8.50±0.91 8.25 
Middle 
Horizon Cabuza T-41A AZ-6 
73 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
0.46 74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Middle 
Horizon Cabuza T-121 S 41 AZ-6 
73 R ¼ 1.10±0.16 1.00±0.30 1.05 
1.15 74 R ¾ 1.10±0.17 1.20±0.18 1.15 
75 Crc 0.70±0.13 0.70±0.13 0.70 
Middle 
Horizon Cabuza T-67 Y 51  AZ-6 36 Cr ½ 1.00±0.17 1.00±0.17 1.00 1.00 
Middle 
Horizon Cabuza T-84 AZ-6 Lm1 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Middle 
Horizon Cabuza T-21 AZ-6 
LM1 Cl1 3.50±0.41 3.50±0.41 3.50 
4.55 LM2 Coc 4.30±0.49 4.80±0.49 4.55 
LC Cr ¾ 3.90±0.45 2.90±0.35 3.40 
Middle 
Horizon Cabuza T-68 AZ-6 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
2.00 33 Cr ½ 1.90±0.25 2.10±0.27 2.00 74 R ¾ 1.00±0.17 1.20±0.18 1.25 
75 Crc 0.70±0.13 0.70±0.13 0.70 
 









Horizon Cabuza T-80 AZ-6 
73 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
74 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Middle 
Horizon Maytas T-77 AZ-6 
75 Ac 2.80±0.31 3.00±0.33 2.90 
5.75 
36 R ½ 5.10±0.57 5.10±0.57 5.10 
34 R1 5.70±0.63 5.80±0.64 5.75 
35 Cr ¾ 5.30±0.05 5.30±0.59 5.30 
33 R1 4.70±0.52 4.80±0.55 4.75 
37 Cr ¾ 5.40±0.59 5.70±0.59 5.55 
Middle 
Horizon Cabuza T-89 AZ-6 
83 R1 0.85±0.14 0.80±0.14 0.825 
0.825 84 R ¼ 0.65±0.13 0.75±0.13 0.70 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Cabuza T-97 0 5/1 AZ-6 
16 Rc 5.90±0.63 5.80±0.64 5.85 8.30 24 R ½ 8.10±0.86 8.50±0.91 8.30 
Middle 
Horizon Cabuza T-98 AZ-6 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
3.55 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
35 Coc 4.10±0.47 4.20±0.48 4.15 
75 Rc 2.00±0.24 2.00±0.25 2.00 
36 Crc 2.20±0.28 2.10±0.29 2.15 
Middle 
Horizon Cabuza T-154 Y ½ AZ-6 54 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Middle 
Horizon Maytas T-151  AZ-6 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.55 
75 A ½ 2.40±0.28 2.40±0.28 2.40 
74 Ac 1.80±0.23 1.90±0.24 1.85 
73 R ¾ 1.80±0.22 1.80±0.23 1.80 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
36 Crc 2.20±0.28 2.10±0.29 2.15 
Middle 
Horizon Maytas T-125 Z 2/3 AZ-6 
73 R ¾ 1.80±0.22 1.80±0.23 1.80 
3.55 74 Ac 1.80±0.23 1.90±0.24 1.85 75 Rc 2.00±0.24 2.00±0.25 2.00 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
 








33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Cabuza T-115 R 1/3 AZ-6 
74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.36 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
73 Cr ¾ 0.45±0.11 0.27±0.11 0.36 
Middle 
Horizon Maytas T-9 AZ-140 
73 Crc 0.70±0.13 0.68±0.13 0.69 
0.69 74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
36 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Maytas T-14 AZ-140 
37 Rc 11.00±1.13 11.30±1.13 11.15 
13.90 
38 Crc 12.30±1.27 12.00±1.24 12.15 
33 Ac 11.30±1.18 10.20±1.06 10.75 
45 Ac 13.60±1.40 14.20±1.46 13.90 
36 Ac 8.00±0.85 8.50±0.91 8.25 
Middle 
Horizon Maytas T-15 AZ-140 
84 Rc 1.30±0.17 1.30±0.18 1.30 
2.00 43 Cr ½ 1.90±0.25 2.10±0.27 2.00 85 R ¼ 1.30±0.18 1.30±0.20 1.30 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Maytas T-24A AZ-140 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
2.00 74 Rc 1.30±0.17 1.30±0.18 1.30 75 R ¼ 1.30±0.18 1.30±0.20 1.30 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Maytas T-24B AZ-140 
45 R ¼ 7.50±0.79 7.80±0.83 7.65 
9.95 46 Ac 8.00±0.85 8.50±0.91 8.25 
47 R ½ 9.80±1.01 10.10±1.01 9.95 
Middle 
Horizon Maytas T-26 AZ-140 
84 R ½ 0.88±0.13 0.93±0.15 0.91 
2.00 85 Crc 0.70±0.13 0.70±0.13 0.70 46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Maytas T-29 AZ-140 
34 Ac 12.10±1.26 13.30±1.38 12.70 16.15 35 A ½ 12.00±1.24 12.70±1.30 12.35 
 








37 A ½ 12.00±1.23 12.20±1.23 12.10 
36 Ac 8.00±0.85 8.50±0.91 8.25 
38 R ¾ 16.40±1.67 15.90±1.62 16.15 
Middle 
Horizon Maytas T-40 AZ-140 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
2.00 75 R ¼ 1.30±0.18 1.30±0.20 1.30 74 R ¾ 1.00±0.17 1.00±0.17 1.00 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Maytas T-31 AZ-140 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.55 74 Rc 1.30±0.17 1.30±0.18 1.30 
75 R ½ 1.50±0.20 1.60±0.21 1.55 
Middle 
Horizon Maytas T-35B AZ-140 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
2.90 
84 Ac 1.80±0.23 1.90±0.24 1.85 
85 Rc 2.00±0.24 2.00±0.25 2.00 
44 Coc 2.90±0.35 2.90±0.36 2.90 
46 R1 2.60±0.32 2.70±0.34 2.65 
Middle 
Horizon Maytas T-42B AZ-140 
46 Coc 0.70±0.14 0.50±0.11 0.60 
0.60 85 Cr ½ 0.25±0.10 0.27±0.10 0.26 84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
Middle 
Horizon Maytas T-43 AZ-140 
84 R ½ 0.88±0.13 0.93±0.15 0.91 
1.00 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Maytas T-59 AZ-140 75 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
Middle 
Horizon Maytas T-60 AZ-140 
84 Ac 1.80±0.23 1.90±0.24 1.85 
3.55 
85 Rc 2.00±0.24 2.00±0.25 2.00 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
46 R1 2.60±0.32 2.70±0.34 2.66 
43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Maytas T-65B AZ-140 
36 Cli 3.50±0.41 3.50±0.41 3.50 
4.95 37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
 








35 Coc 4.10±0.47 4.20±0.48 4.15 
33 Crc 3.90±0.45 4.00±0.46 3.95 
75 Rc 2.00±0.24 2.00±0.25 2.00 
Middle 
Horizon Maytas T-95 AZ-140 
75 Cr ¾ 0.45±0.10 0.20±0.10 0.325 
1.00 73 R1 0.85±0.14 0.80±0.14 0.825 36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
74 R ½ 0.88±0.13 0.93±0.15 0.91 
Middle 
Horizon Maytas T-72 AZ-140 
73 Ac 3.00±0.33 3.10±0.33 3.05 
7.05 
74 Ac 1.80±0.23 1.90±0.24 1.85 
75 Ac 2.80±0.31 3.00±0.33 2.90 
34 R ¼ 6.50±0.69 6.80±0.74 6.55 
36 R ¾ 5.50±0.60 5.40±0.61 5.45 
37 R1 7.00±0.75 7.10±0.75 7.05 
35 R1 6.70±0.73 6.90±0.75 6.80 
Middle 
Horizon Maytas T-74 AZ-140 
37 Ac 13.80±1.43 14.20±1.43 14.00 
15.45 
38 R ½ 15.80±1.62 15.10±1.54 15.45 
36 Ac 12.10±1.26 13.30±1.38 12.70 
34 Ac 12.10±1.26 13.30±1.38 12.70 
35 Ac 13.60±1.40 14.20±1.46 13.90 
33 Ac 11.30±1.18 13.00±1.35 12.15 
Middle 
Horizon Maytas T-87 AZ-140 
73 R ¼ 1.10±0.16 1.00±0.30 1.05 
1.05 74 R ½ 0.88±0.13 0.93±0.15 0.91 75 Crc 0.70±0.13 0.70±0.13 0.70 
36 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Maytas T-88 AZ-140 
74 A ½ 1.50±0.20 1.60±0.21 1.55 
2.90 
75 Rc 2.00±0.24 2.00±0.25 2.00 
34 Coc 2.90±0.35 2.90±0.36 2.90 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Maytas T-90 AZ-140 
34 R1 5.70±0.63 5.80±0.64 5.75 
5.50 35 Cr ½ 4.70±0.53 4.70±0.53 4.70 
75 Ac 2.80±0.31 3.00±0.33 2.90 
 








33 R ¼ 5.30±0.57 5.70±0.63 5.50 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Maytas T-76 AZ-140 
47 A ½ 12.00±1.23 12.20±1.23 12.10 12.10 46 Ac 8.00±0.85 8.50±0.91 8.25 
Middle 
Horizon Maytas T-94 AZ-140 
81 Ac 1.80±0.23 1.90±0.24 1.85 
3.55 82 A ½ 2.40±0.28 2.40±0.28 2.40 46 Crc 2.20±0.28 2.10±0.29 2.15 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Middle 
Horizon Maytas T-96 AZ-140 
37 Crc 6.20±0.68 6.50±0.68 6.35 
6.65 
36 Rc 5.90±0.63 5.80±0.64 5.85 
34 R ¼ 6.50±0.69 6.80±0.74 6.65 
35 Crc 6.20±0.66 6.20±0.69 6.20 
33 R ¼ 5.30±0.57 5.70±0.63 5.50 
Middle 
Horizon Maytas T-103 AZ-140 
85 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.325 83 Cr ¾ 0.45±0.11 0.20±0.11 0.325 
Middle 
Horizon Maytas T-109 AZ-140 
43 R ½ 7.10±0.75 8.00±0.86 7.55 
8.30 
36 Rc 5.90±0.63 5.80±0.64 5.85 
37 R1 7.00±0.75 7.10±0.75 7.05 
34 R ½ 8.10±0.86 8.50±0.91 8.30 
35 R ¼ 7.50±0.79 7.80±0.83 7.65 
Middle 
Horizon Maytas T-102 AZ-140 
47 Cr ½ 4.80±0.54 5.10±0.54 4.95 
8.95 
46 R ¼ 4.60±0.52 4.70±0.53 4.65 
43 R ¾ 8.30±0.88 9.60±1.00 8.95 
44 R ½ 8.10±0.86 8.50±0.91 8.30 
45 R ¼ 7.50±0.79 7.80±0.83 7.65 
Middle 
Horizon Maytas T-114 AZ-140 
46 R ¼ 4.60±0.52 4.70±0.53 4.65 
4.95 
47 Cr ½ 4.80±0.54 5.10±0.54 4.95 
43 Crc 3.90±0.45 4.00±0.46 3.95 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
45 Coc 4.10±0.47 4.20±0.48 4.15 
Middle 
Horizon Maytas T-115 AZ-140 
75 Rc 2.00±0.24 2.00±0.25 2.00 4.15 35 Coc 4.10±0.47 4.20±0.48 4.15 
 








36 Crc 2.20±0.28 2.10±0.29 2.15 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Middle 
Horizon Maytas  T-121 AZ-140 84 R ¾ 1.10±0.17 1.20±0.18 1.15 1.15 
 Middle 
Horizon Maytas T-130 AZ-140 74 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Middle 
Horizon Maytas T-119 AZ-140 
73 Crc 0.70±0.13 0.68±0.13 0.69 
0.69 74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
75 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Middle 
Horizon Maytas T-127 AZ-140 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
12.35 
47 Rc 11.00±1.13 11.30±1.13 11.15 
46 Ac 8.00±0.85 8.50±0.91 8.25 
45 A ½ 12.00±1.24 12.70±1.30 12.35 
43 Rc 8.80±0.93 10.20±1.06 9.50 
Middle 
Horizon Maytas T-127B AZ-140 
46 R1 2.60±0.32 2.70±0.34 2.65 
4.15 44 Cr ½ 3.50±0.41 3.60±0.43 3.55 45 Coc 4.10±0.47 4.20±0.48 4.15 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
Middle 
Horizon Maytas T-XPB2B AZ-140 83 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
Middle 
Horizon Maytas T-131B AZ-140 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
2.15 36 Crc 2.20±0.28 2.10±0.29 2.15 74 Rc 1.30±0.17 1.30±0.18 1.30 
75 R ¾ 1.90±0.23 1.90±0.23 1.90 
Middle 
Horizon Maytas T-XPB3 AZ-140 
48 Cr ¾ 11.70±1.20 11.60±1.20 11.65 
14.00 
47 Ac 13.80±1.43 14.20±1.43 14.00 
46 Ac 8.00±0.85 8.5±0.91 8.25 
43 Ac 11.30±1.18 13.00±1.35 12.15 
44 Ac 12.10±1.26 13.30±1.38 12.70 
45 Ac 13.60±1.40 14.20±1.46 13.90 
Middle Maytas T-Sup-2 AZ-140 85 R ¾ 1.90±0.23 1.90±0.23 1.90 3.55 
 








Horizon 46 Crc 2.20±0.28 2.10±0.29 2.15 
84 Rc 1.30±0.17 1.30±0.18 1.30 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
Middle 
Horizon Maytas T-Sup-1 AZ-140 
46 Ac 8.00±0.85 8.50±0.91 8.25 
12.35 
47 Rc 11.00±1.13 11.30±1.13 11.15 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
43 A ½ 9.90±1.03 11.80±1.23 10.85 
45 A ½ 12.00±1.24 12.70±1.30 12.35 
Middle 
Horizon Cabuza T-8 AZ-71 
33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
2.90 
73 R ¾ 1.80±0.22 1.80±0.23 1.80 
75 R ¼ 1.30±0.18 1.30±0.20 1.30 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
74 Rc 1.30±0.17 1.30±0.18 1.30 
Middle 
Horizon Maytas T-26 AZ-71 
36 Ac 8.00±0.85 8.50±0.91 8.25 11.10 38 Cr ½ 11.30±1.17 10.90±1.14 11.10 
Middle 
Horizon Cabuza T-17A AZ-71 
34 R1 5.70±0.63 5.80±0.64 5.75 
6.20 35 Crc 6.20±0.66 6.20±0.69 6.20 36 R ½ 5.10±0.58 5.10±0.57 5.10 
37 Cr ½ 4.80±0.54 5.10±0.54 4.95 
Middle 
Horizon Cabuza T-48 AZ-71 
85 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
Middle 
Horizon Cabuza T-49 AZ-71 
74 Rc 1.30±0.17 1.30±0.18 1.30 
1.90 75 R ¾ 1.90±0.23 1.90±0.23 1.90 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Cabuza T-77 AZ-71 16 Cr ½ 11.30±1.17 10.90±1.14 11.10 11.10 
Middle 
Horizon Cabuza T-105 AZ-71 
37 Rc 11.00±1.13 11.30±1.13 11.15 
12.80 38 R1 12.90±1.32 12.70±1.32 12.80 36 Ac 8.00±0.85 8.50±0.91 8.25 
35 A ½ 12.00±1.24 12.70±1.30 12.35 
Middle Cabuza T-162A AZ-71 43 Cr ½ 1.90±0.25 2.10±0.27 2.00 2.00 
 








Horizon 36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
74 R ¾ 1.10±0.17 1.20±0.18 1.15 
75 R ¼ 1.30±0.18 1.30±0.20 1.30 
Middle 
Horizon Cabuza T-162D AZ-71 
43 R ½ 7.10±0.75 8.00±0.86 7.55 
7.55 46 RC 5.90±0.63 5.80±0.64 5.85 
47 Crc 6.20±0.68 6.50±0.68 6.35 
44 R1 5.70±0.63 5.80±0.64 5.75 
Middle 
Horizon Cabuza T-69B AZ-71 
44 R1 5.70±0.63 5.80±0.64 5.75 
8.95 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
43 R ¾ 8.30±0.88 9.60±1.00 8.95 
46 R ¾ 5.50±0.60 5.40±0.61 5.45 
47 Cr ½ 4.80±0.54 5.10±0.54 4.95 
Middle 
Horizon Cabuza T-150A AZ-71 
44 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
4.75 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
46 Crc 2.20±0.28 2.10±0.29 2.15 
47 Coc 4.30±0.49 4.80±0.49 4.55 
13 R1 4.70±0.52 4.80±0.55 4.75 
Middle 
Horizon Maytas T-419 AZ-71 
16 Cr ½ 1.00±0.17 1.00±0.17 1.00 2.00 13 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Maytas T-497 AZ-71 17 R1 7.00±0.75 7.10±0.75 7.05 7.05 
Middle 
Horizon Cabuza T-222 AZ-71 
13 R ¾ 8.30±0.88 9.60±1.00 8.95 
9.20 14 R ¾ 8.80±0.97 9.90±1.04 9.20 
16 Ac 8.00±0.85 8.50±0.91 8.25 
Middle 
Horizon Cabuza T-230 AZ-71 
37 R ½ 9.80±1.01 10.10±1.01 9.95 
10.50 
38 Coc 10.70±1.11 10.30±1.07 10.50 
36 Ac 8.00±0.85 8.50±0.91 8.25 
35 R ½ 8.70±0.92 9.40±0.99 9.55 
33 R ¾ 8.30±0.88 9.60±1.00 8.95 
Middle 
Horizon Cabuza T-232 AZ-71 
36 Ac 8.00±0.85 8.50±0.91 8.25 
12.80 35 Rc 10.60±1.72 11.50±1.21 11.05 
33 Ac 11.30±1.18 13.00±1.35 12.15 
 








28 R1 12.90±1.32 12.70±1.32 12.80 
24 R ¾ 8.80±0.97 9.90±1.04 9.35 
37 A ½ 12.00±1.23 12.20±1.23 12.10 
Middle 
Horizon Cabuza T-246 AZ-71 
83 R ½ 1.30±0.17 1.30±0.18 1.30 
2.00 
43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
74 Rc 1.30±0.17 1.30±0.18 1.30 
75 R ¼ 1.30±0.18 1.30±0.20 1.30 
Middle 
Horizon Loreta Viejo T-271 AZ-71 
73 R ¼ 1.00±0.16 1.00±0.30 1.00 
1.00 74 R ¼ 0.65±0.13 0.75±0.13 0.70 75 Crc 0.70±0.13 0.70±0.13 0.70 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Cabuza T-277 AZ-71 
84 R ¾ 1.10±0.17 1.20±0.18 1.15 
2.00 85 R ¼ 1.30±0.18 1.30±0.20 1.30 43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Cabuza T-256B AZ-71 
43 R ¼ 5.30±0.57 5.70±0.63 5.50 
7.05 37 R1 7.00±0.75 7.10±0.75 7.05 
34 R1 5.70±0.63 5.80±0.64 5.75 
Middle 
Horizon Cabuza T-285 AZ-71 
83 R1 0.85±0.14 0.80±0.14 0.825 
0.825 
74 R ¼ 0.65±0.13 0.75±0.13 0.70 
75 Crc 0.70±0.13 0.70±0.13 0.70 
36 Coc 0.70±0.14 0.50±0.11 0.60 
Middle 
Horizon Cabuza T-336 AZ-71 
48 Coc 10.70±1.11 10.30±1.07 10.50 
10.50 
47 R ½ 9.80±1.01 10.10±1.01 9.95 
46 Ac 8.00±0.85 8.50±0.91 8.25 
43 R ¾ 8.30±0.88 9.60±1.04 8.95 
44 R ¾ 8.80±0.97 9.90±1.04 9.35 
Middle 
Horizon  Cabuza T-343A AZ-71 
83 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 85 R1 0.93±0.15 0.92±0.14 0.925 
84 R ¾ 1.10±0.17 1.20±0.18 1.15 
Middle Cabuza T-606B AZ-71 73 R ½ 1.30±0.17 1.30±0.18 1.30 2.00 
 








Horizon 74 R ¾ 1.10±0.17 1.20±0.18 1.15 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
75 R1 0.93±0.15 0.92±0.14 0.925 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Cabuza T-504 AZ-71 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.55 36 R1 2.60±0.32 2.70±0.34 2.65 33 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
75 A ½ 2.40±0.28 2.40±0.28 2.40 
Middle 
Horizon Cabuza T-N2 AZ-71 
83 R1 0.85±0.14 0.80±0.14 0.825 
0.925 84 R ¼ 0.65±0.13 0.75±0.13 0.70 85 R1 0.93±0.15 0.92±0.14 0.925 
46 Coc 0.70±0.14 0.70±0.11 0.70 
Middle 
Horizon Cabuza T-N1 AZ-71 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
2.00 84 R ¾ 1.10±0.17 1.20±0.18 1.15 83 R ¾ 1.80±0.22 1.80±0.23 1.80 
43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Middle 
Horizon Cabuza T-604 AZ-71 
46 R1 2.60±0.32 2.70±0.34 2.65 
3.55 
85 Rc 2.00±0.24 2.00±0.25 2.00 
84 Ac 1.80±0.23 1.90±0.24 1.85 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
83 A ½ 2.50±0.28 2.50±0.28 2.50 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Middle 
Horizon Cabuza T-AA AZ-71 
46 Ac 8.00±0.85 8.50±0.91 8.25 
11.55 
45 R ¾ 10.00±1.05 10.80±1.13 10.40 
47 R ½ 9.80±1.01 10.10±1.01 9.95 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
43 A ½ 11.30±1.18 11.80±1.23 11.55 
Middle 
Horizon Maytas T-126 AZ-75 
36 Ac 8.00±0.85 8.50±0.91 8.25 
14.75 37 Ac 13.80±1.43 14.20±1.43 14.00 43 Ac 11.30±1.18 13.00±1.35 12.15 
38 R ¼ 14.90±1.53 14.60±1.50 14.75 
Middle Maytas T-25 AZ-76 36 Ac 8.00±0.85 8.50±0.91 8.25 14.00 
 








Horizon 37 Ac 13.80±1.43 14.20±1.43 14.00 
43 Ac 11.30±1.18 13.00±1.35 12.15 
38 R ¼ 14.90±1.53 14.60±1.50 14.75 
Middle 
Horizon Cabuza T-2 AZ-141 
85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
0.46 84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
Middle 
Horizon Cabuza T-3 AZ-141 
73 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 74 Cr ½ 0.15±0.10 0.15±0.10 0.15 
Middle 
Horizon Cabuza T4 C2 AZ-141 
23 R1 4.70±0.52 4.80±0.55 4.75 
6.35 27 Crc 6.20±0.68 6.50±0.68 6.35 
74 Ac 1.80±0.23 1.90±0.24 1.85 
Middle 
Horizon Cabuza T4 C3 AZ-141 
46 A ½ 6.50±0.71 6.90±0.75 6.70 
6.70 45 Crc 6.20±0.66 6.20±0.69 6.20 44 R1 5.70±0.63 5.80±0.64 5.75 
47 Crc 6.20±0.68 6.50±0.68 6.35 
Middle 
Horizon Cabuza T-8 AZ-141 
43 R ¼ 5.30±0.57 5.70±0.63 5.50 
5.75 
44 R1 5.70±0.63 5.80±0.64 5.75 
46 R ½ 5.10±0.57 5.10±0.57 5.10 
47 Cr ½ 4.80±0.54 5.10±0.54 4.95 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
Middle 
Horizon Cabuza T-12 AZ-141 
84 Rc 1.30±0.17 1.30±0.18 1.30 
2.00 43 Cr ½ 1.90±0.25 2.10±0.27 2.00 85 R ¾ 1.90±0.23 1.90±0.23 1.90 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Maytas T-13 AZ-141 
47 Crc 6.20±0.68 6.50±0.68 6.35 
6.35 
46 R ½ 5.10±0.57 5.10±0.57 5.10 
45 Crc 6.20±0.66 6.20±0.69 6.20 
44 R1 5.70±0.63 5.80±0.64 5.75 
43 R ¼ 5.30±0.57 5.70±0.63 5.50 
Middle 
Horizon Cabuza T-18 AZ-141 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
2.90 83 R ¾ 1.80±0.22 1.80±0.23 1.80 
84 A ½ 1.50±0.20 1.60±0.21 1.55 
 








85 Rc 2.00±0.24 2.00±0.25 2.00 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Cabuza T-31 AZ-141 
33 Cr ½ 1.90±0.25 2.10±0.27 2.00 
2.00 74 R ½ 0.88±0.13 0.93±0.15 0.91 75 Cl1 1.00±0.15 1.00±0.15 1.00 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
Middle 
Horizon Cabuza T-21 AZ-141 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
2.90 85 Rc 2.00±0.24 2.00±0.25 2.00 46 Crc 2.20±0.28 2.10±0.29 2.15 
84 A ½ 1.50±0.20 1.60±0.21 1.55 
Middle 
Horizon Cabuza T-28 A3 AZ-141 
74 R ¼ 0.65±0.13 0.75±0.13 0.70 
1.00 75 R1 0.93±0.15 0.92±0.14 0.925 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Middle 
Horizon Cabuza T-27 AZ-141 
45 R1 6.70±0.73 6.90±0.74 6.80 
8.25 46 Ac 8.00±0.85 8.50±0.91 8.25 
47 R1 7.00±0.75 7.10±0.75 7.05 
Middle 
Horizon Cabuza T-35 AZ-141 
83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
0.70 84 R ¼ 0.65±0.13 0.75±0.13 0.70 
85 Cr ¾ 0.50±0.11 0.70±0.14 0.60 
Middle 
Horizon Cabuza T-38 AZ-141 
47 R ¾ 10.50±1.09 10.80±1.09 10.65 
12.15 48 Cr ½ 11.30±1.17 10.90±1.14 11.10 46 Ac 8.00±0.85 8.50±0.91 8.25 
43 Ac 11.30±1.18 13.00±1.35 12.15 
Middle 
Horizon Cabuza T-34 AZ-141 
47 Cr ½ 4.80±0.54 5.10±0.54 4.95 
6.80 46 R ½ 5.10±0.57 5.10±0.57 5.10 45 R1 6.70±0.73 6.90±0.74 6.80 
44 R ¼ 6.50±0.69 6.80±0.74 6.65 
Middle 
Horizon Cabuza T-47A AZ-141 
83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
0.46 84 Crc 0.33±0.10 0.43±0.10 0.38 
85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Middle 
Horizon Cabuza T-46A AZ-141 
47 Crc 6.20±0.68 6.50±0.68 6.35 8.30 44 R ½ 8.10±0.86 8.50±0.91 8.30 
 









Horizon Cabuza T-41 AZ-141 
83 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 84 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Middle 
Horizon Cabuza T-68 AZ-6 75 Crc 0.70±0.13 0.70±0.13 0.70 0.70 
Middle 
Horizon Cabuza T100 0 5/2 AZ-6 LM
2 R ½ 9.80±1.01 10.01±1.01 9.90 9.90 
Middle 
Horizon Cabuza T-84 AZ-6 
23 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 
24 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Middle 
Horizon Maytas T-13 R N/1 AZ-140 
73 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 74 Cr ½ 0.15±0.10 0.120±0.10 0.175 
Middle 
Horizon Maytas T-131A AZ-140 
23 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 14 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Middle 
Horizon Cabuza T-40 AZ-141 Rm
1 R ½ 0.88±0.13 0.93±0.15 0.91 0.91 
Middle 
Horizon Cabuza T-280 AZ-71 
LM1 R ¼ 4.60±0.52 4.70±0.53 4.65 
5.55 
LM2 Cr ¾ 5.40±0.59 5.70±0.59 5.55 
LPM1 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
LPM2 Cr ½ 4.70±0.53 4.70±0.53 4.70 
LC R1 4.70±0.52 4.80±0.55 4.75 
Middle 
Horizon Cabuza T-154 Y ½ AZ-6 
Rm1 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.69 Rc Crc 0.70±0.13 0.68±0.13 0.69 
Middle 
Horizon Maytas T-115 AZ-140 
LPM1 Cr ½ 3.50±0.41 3.60±0.43 3.55 
4.15 LPM2 Coc 4.10±0.47 4.20±0.48 4.15 
LM1 Cl1 3.50±0.41 3.50±0.41 3.50 
Late 
Intermediate Gentilar T-11 AZ-8 46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 1.45 
Late 
Intermediate Gentilar Desc-08 AZ-141 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.30 74 R ¾ 1.10±0.17 1.20±0.18 1.15 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
Late 
Intermediate San Miguel T-14 PLM-4 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.55 85 R ½ 1.50±0.20 1.60±0.21 1.55 
84 Rc 1.30±0.17 1.30±0.18 1.30 
 









Intermediate Gentilar T-105 PLM-4 
84 R ¼ 0.65±0.13 0.75±0.13 0.70 
1.00 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late 
Intermediate Gentilar T-L38 PLM-4 
84 R ¾ 1.10±0.17 1.20±0.19 1.15 
1.15 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late 
Intermediate Gentilar T-Y3 PLM-4 73 Cr ½ 0.25±0.10 0.27±0.10 0.26 0.26 
Late 
Intermediate Gentilar T-Y10 PLM-4 
83 R ¼ 1.10±0.16 1.00±0.30 1.05 
1.05 84 R ½ 0.88±0.13 0.93±0.15 0.91 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Coc 0.70±0.14 0.70±0.11 0.70 
Late 
Intermediate Gentilar T-Y5 PLM-4 
83 Crc 0.70±0.13 0.68±0.13 0.69 
0.69 84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Late 
Intermediate Gentilar T-Y6 PLM-4 
83 R ¼ 1.10±0.16 1.00±0.30 1.05 
1.05 84 R ¼ 0.65±0.13 0.75±0.13 0.70 85 Cr ¾ 0.45±0.10 0.20±0.11 0.325 
46 Coc 0.70±0.14 0.50±0.11 0.60 
Late 
Intermediate Gentilar T-02 PLM-4 
73 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 74 R ½ 0.88±0.13 0.93±0.15 0.91 75 Crc 0.70±0.13 0.70±0.13 0.70 
36 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late 
Intermediate Gentilar T-Beta PLM-4 
45 R ¼ 7.50±0.79 7.80±0.83 7.65 
7.65 46 Rc 5.90±0.63 5.80±0.64 5.85 
47 R1 7.00±0.75 7.10±0.75 7.05 
Late 
Intermediate Gentilar SN1 AZ-8 
73 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 74 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
Late 
Intermediate Gentilar T-10 AZ-8 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.30 84 Rc 1.30±0.17 1.30±0.18 1.30 
85 R ¼ 1.30±0.18 1.30±0.20 1.30 
Late Gentilar T-A AZ-8 84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 0.70 
 








Intermediate 85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
83 Crc 0.70±0.13 0.70±0.13 0.70 
Late 
Intermediate Gentilar T-33 AZ-8 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
3.55 44 Cr ½ 3.50±0.41 3.60±0.43 3.55 43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
85 A ½ 2.40±0.28 2.40±0.28 2.40 
Late 
Intermediate Gentilar C1 cosino AZ-8 
44 R ¼ 6.50±0.69 6.80±0.74 6.65 
7.05 45 R1 6.70±0.73 6.90±0.74 6.80 46 R ½ 5.10±0.57 5.10±0.57 5.10 
47 R1 7.00±0.75 7.10±0.75 7.05 
Late 
Intermediate Gentilar C-4 AZ-8 RC Crc 3.90±0.45 4.00±0.46 3.95 3.95 
Late 
Intermediate Gentilar T-20 Lluta-54 
47 A ½ 12.00±1.23 12.20±1.23 12.10 
13.90 
46 Ac 8.00±0.85 8.50±0.91 8.25 
44 Ac 12.10±1.26 13.30±1.38 12.70 
45 Ac 13.60±1.40 14.20±1.46 13.90 
43 A ½ 11.30±1.18 11.80±1.23 11.55 
Late 
Intermediate Gentilar T-22 Lluta-54 
83 R1 4.70±0.52 4.80±0.55 4.75 
4.75 44 Cr ¾ 4.20±0.49 4.40±0.52 4.30 85 A ½ 2.40±0.28 2.40±0.28 2.40 
46 R1 2.60±0.32 2.70±0.34 2.65 
Late 
Intermediate Gentilar T-27 Lluta-54 
46 Coc 0.70±0.14 0.50±0.11 0.60 
0.70 84 R1 0.55±0.12 0.58±0.12 0.565 85 Crc 0.70±0.13 0.70±0.13 0.70 
83 Crc 0.70±0.13 0.68±0.13 0.69 
Late 
Intermediate Gentilar T-5 Cam-8 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
1.90 85 R1 0.93±0.15 0.92±0.14 0.925 84 R ¾ 1.90±0.23 1.90±0.23 1.90 
83 R ½ 1.50±0.20 1.60±0.21 1.55 
Late 
Intermediate Gentilar T-7 Cuad E6 Cam-8 
84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.69 85 Cr ¾ 0.45±0.10 0.20±0.11 0.325 
83 Crc 0.70±0.13 0.68±0.13 0.69 
 









Intermediate Gentilar T-15 G5 Cam-8 
85 R ¾ 1.90±0.23 1.90±0.23 1.90 
2.90 
84 Rc 1.30±0.17 1.30±0.18 1.30 
46 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
83 R ¾ 1.80±0.22 1.80±0.23 1.80 
43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
Late 
Intermediate Gentilar T-26 G5 Cam-8 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
3.90 36 R1 2.60±0.32 2.70±0.34 2.65 
37 Coc 3.80±0.43 4.00±0.43 3.90 
Late 
Intermediate Gentilar T-29 Cam-8 
48 R1 12.90±1.32 12.70±1.32 12.80 
12.80 47 A ½ 12.00±1.23 12.20±1.23 12.10 46 Ac 8.00±0.85 8.50±0.91 8.25 
43 A ½ 9.90±1.03 11.80±1.23 10.85 
Late 
Intermediate Gentilar T-29A G4 Cam-8 
36 Cr ¾ 1.40±0.20 1.50±0.21 1.45 
4.55 37 Coc 4.30±0.49 4.80±0.49 4.55 34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
33 Crc 3.90±0.45 4.00±0.46 3.95 
Late 
Intermediate Gentilar T-27 Cam-8 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
11.15 
47 Rc 11.00±1.13 11.30±1.113 11.15 
46 Ac 8.00±0.85 8.50±0.91 8.25 
43 A ½ 9.90±1.03 11.80±1.23 10.85 
45 Rc 10.60±1.12 11.50±1.21 11.05 
Late Period Inca T-17 AZ-15 53 RM
1 2.60±0.32 2.70±0.34 2.65 2.65 55 Rc 2.00±0.24 2.00±0.25 2.00 
Late Period Inca C-02 AZ-15 
84 Cr ¾ 0.23±0.10 0.23±0.10 0.23 
0.26 85 Cr ½ 0.25±0.10 0.27±0.10 0.26 
83 Cr ½ 0.25±0.10 0.27±0.10 0.26 
Late Period Inca T-4 Cam-9 
75 A ½ 2.40±0.28 2.40±0.28 2.40 
3.55 36 Crc 2.20±0.28 2.10±0.29 2.15 
34 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Late Period Inca T-9 Cam-9 
47 Crc 6.20±0.68 6.50±0.68 6.35 
6.35 46 R ½ 5.10±0.57 5.10±0.57 5.10 
44 Cr ¾ 4.20±0.49 4.40±0.52 4.30 
 








45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
43 R1 4.70±0.52 4.80±0.55 4.75 
Late Period Inca T-10 Cam-9 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
12.70 
47 A ½ 12.00±1.23 12.20±1.23 12.10 
46 Ac 8.00±0.85 8.50±0.91 8.25 
45 Rc 10.60±1.12 11.50±1.21 11.05 
44 Ac 12.10±1.26 13.30±1.38 12.70 
Late Period Inca T-21 Cam-9 
83 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 84 R ½ 0.88±0.13 0.93±0.15 0.91 85 R1 0.93±0.15 0.92±0.14 0.925 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late Period Inca T-22 Cam-9 
83 R ½ 1.30±0.17 1.30±0.18 1.30 
1.30 84 R ¾ 1.10±0.17 1.20±0.18 1.15 85 R ¼ 1.30±0.18 1.30±0.20 1.30 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late Period Inca T-23 Cam-9 
48 R ¼ 14.90±1.53 14.60±1.50 14.75 
14.75 
47 A ½ 12.00±1.23 12.20±1.23 12.10 
43 A ½ 9.90±1.03 11.80±1.23 10.85 
45 Rc 10.60±1.12 11.50±1.21 11.05 
46 Ac 8.00±0.85 8.50±0.91 8.25 
Late Period Inca T-52 B4 Cam-9 83 Cr ¾ 0.45±0.11 0.47±0.10 0.46 0.46 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 
Late Period Inca T-27 Cam-9 
48 Cr ½ 11.30±1.17 10.90±1.14 11.10 
11.10 
47 R ½ 9.80±1.01 10.10±1.01 9.95 
46 Ac 8.00±0.85 8.50±0.91 8.25 
44 R ½ 8.10±0.86 8.50±0.91 8.30 
45 R1 6.70±0.73 5.80±0.64 6.25 
43 R ¾ 8.30±0.88 9.60±1.00 8.95 
Late Period Inca T-32 C1 Cam-9 
84 Rc 1.30±0.17 1.30±0.18 1.30 
2.00 85 R ¼ 1.30±0.18 1.30±0.20 1.30 46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
83 R ¼ 1.10±0.16 1.00±0.30 1.05 
 








43 Cr ½ 1.90±0.25 2.10±0.27 2.00 
Late Period Inca T-34 Cam-9 84 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.175 
Late Period Inca T-38 Cam-9 
48 Rc 17.00±1.71 16.30±1.67 16.65 
16.65 
47 Ac 13.80±1.43 14.20±1.43 14.00 
46 Ac 8.00±0.85 8.50±0.91 8.25 
43 Ac 11.30±1.18 13.00±1.35 12.15 
44 Ac 12.10±1.26 13.30±1.38 12.70 
45 Ac 13.60±1.40 14.20±1.46 13.90 
Late Period Inca T-43 Cam-9 
83 Crc 0.70±0.13 0.70±0.13 0.70 
1.00 84 R ¼ 0.65±0.13 0.75±0.13 0.70 85 Crc 0.70±0.13 0.70±0.13 0.70 
46 Cr ½ 1.00±0.17 1.00±0.17 1.00 
Late Period Inca T-53 B4 Cam-9 
47 RM2 4.30±0.49 4.80±0.49 4.55 
4.55 46 R1 2.60±0.32 2.70±0.34 2.65 43 Crc 3.90±0.45 4.00±0.46 3.95 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Late Period Inca T-54 C1 Cam-9 
47 Coc 4.30±0.49 4.80±0.49 4.55 
4.55 46 Cl1 3.50±0.41 3.50±0.41 3.50 43 Cr ¾ 2.90±0.35 2.90±0.35 2.90 
44 Cr ½ 3.50±0.41 3.60±0.43 3.55 
Late Period Inca T-56 B4 Cam-9 
47 Cr ½ 4.80±0.54 5.10±0.54 4.96 
6.65 
46 R ¾ 5.50±0.60 5.40±0.61 5.45 
44 R ¼ 6.50±0.69 6.80±0.74 6.65 
45 Cr ½ 4.70±0.53 4.70±0.53 4.70 
43 R ¼ 5.30±0.57 5.70±0.63 5.70 
Late Period Inca T-49 Cam-9 
47 R1 7.00±0.75 7.10±0.75 7.05 
7.55 
46 Rc 5.90±0.63 5.80±0.64 5.85 
45 R1 6.70±0.73 6.90±0.74 6.80 
44 R ¼ 6.50±0.69 6.80±0.74 6.65 
43 R ½ 7.10±0.75 8.00±0.86 7.55 
Late Period Inca T-28 C2 Cam-9 44 Cr ½ 0.15±0.10 0.20±0.10 0.175 0.46 43 Cr ¾ 0.45±0.11 0.47±0.10 0.46 
 








Late Period Inca T-B4 Cam-9 
RM1 R ¾ 5.50±0.60 5.40±0.61 5.45 
5.75 
RM2 Cr ½ 4.80±0.54 5.10±0.54 4.95 
RPM1 R1 5.70±0.63 5.80±0.64 5.75 
RPM2 Cr ¾ 5.30±0.59 5.30±0.59 5.30 
RC R ¼ 5.30±0.57 5.70±0.63 5.50 
Late Period Inca T-18 Cam-8 
RC Ac 11.30±1.18 13.00±1.35 12.15 
12.15 RM1 Ac 8.00±0.85 8.50±0.91 8.25 
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Chapter 6: Results 
6.0 Analytical Approach 
These analyses were carried out using the dental ages provided above in 
Chapter 5 Part A and as described in Chapter 4, Section 4.6. Figures for these 
analyses are located in Appendix C and statistical tables in Appendix D. 
 
6.1 Linear Growth Analyses 
This section involved linear growth analyses to test hypothesis one, for a 
negative impact on growth with the development of agriculture, manifesting 
as a delay in linear and cortical growth. Importantly, the growth data in this 
thesis is made up of single measurements of individual skeletons across a 
population level that is likely to have been influenced by mortality rate as 
well. These factors need to be taken into consideration when analysing the 
findings of these data.   
 
Linear regression of 105 humerus observations (r2=0.895; P<0.001), 101 radius 
observations (r2=0.911; P<0.001), 98 ulna observations (r2=0.877; P<0.001), 102 
clavicle observations (r2=0.886; P<0.001), 131 femur observations (r2=0.904; 
P<0.001), 127 tibia observations (r2=0.919; P<0.001), and 110 fibula 
observations (r2=0.904; P<0.001) show significant correlations between the 
bone lengths and dental age, suggesting linear modelling was suitable using 
these variables. Importantly, sample sizes, except for the ulna, support a ratio 
of one to ten for variables to observations needed for robust statistical power 
(Troutt 2004). 
 
6.1.1 Linear Growth across the Agricultural Transition 
Linear regression and Testparm results show significant interactions between 
curved and straight lines for the ulna, clavicle, tibia, and fibula, suggesting 
that curved lines are well fitted to these data. However, visual comparisons 
showed that straight lines were more useful in representing the data as the 
curved lines began to show negative growth, which is impossible (see 
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Appendix C: Figures AC.1-AC.7). These negative growth findings are 
caused/ linked to the single growth measurements of individuals at a 
population level that are displaying different rates of growth for different 
ages and unknown sex. There were no significant interactions between curved 
and straight lines for the humerus, radius, and femur (see Appendix D: Table 
AD.1) so straight lines were used.  
 
Linear regression and Testparm results show that no significant differences 
(P>0.05) were present between intercepts, representing size at birth, or slopes, 
representing post-natal growth, of the humerus, radius, clavicle, and femur 
between archaeological phases (see Appendix D: Tables AD.2 to AD.3, and 
Figures 6.1 to 6.7 below).  
 
Linear regression results for the ulna show no significant differences between 
the intercepts and significant differences between the slopes (r2=0.897; P<0.05), 
confirmed by Testparm analyses for the intercepts (P=0.095) and slopes 
(P=0.021). Pairwise analyses of these significant differences in slope show the 
Late Intermediate’s slope is more gradual than the Archaic Period’s (slope 
diff=-4.8; 95% CI=-9.3: -0.3; P=0.038), and the Middle Horizon’s slope is 
significantly steeper than the Late Intermediate’s (slope diff=3.32; 95% CI=1.1: 
5.5; P=0.004). Sample sizes for these observations fall marginally short of 
numbers necessary for robust statistical analyses, which may have affected 
the findings. 
 
Pairwise analyses of tibia linear growth slopes show the Late Intermediate’s 
slope is more gradual than the Archaic Period’s (slope diff=-6.5; 95% CI=-11.2: 
-1.7; P=0.008), the Late Intermediate’s slope is more gradual than the 
Formative’s (slope diff=-9.2; 95% CI=-13.5: -4.8; P<0.001), the Late Period’s 
slope is more gradual than the Formative’s (slope diff=-4.7; 95% CI=-4.7; 95% 
CI=-8.7: -0.7; P=0.020), the slope of the Middle Horizon slope is more gradual 
than the Formative (slope diff=-4.1; 95% CI=-7.3: -0.8; P=0.014), the slope of 
the Late Period is steeper than that of the Late Intermediate (slope diff=4.4; 
95% CI=0.4: 8.4; P=0.030), and the slope of the Middle Horizon is steeper than 
the Late Intermediate (slope diff=5.1; 95% CI=1.8: 8.4; P=0.002). 
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Pairwise analyses for fibula linear growth slopes show the Late Intermediate’s 
slope is more gradual than the Archaic (slope diff=-7.3; 95% CI=-13.7: -0.9; 
P=0.026), the slope of the Middle Horizon is more gradual than the Archaic 
(slope diff=-6.5; 95% CI=-12.5: -0.6; P=0.033), the slope of the Late 
Intermediate was more gradual than the Formative Period’s slope (slope 
diff=-10.6; 95% CI=-16.2: -5.1; P<0.001), the Late Period’s slope is more 
gradual than the Formative’s (slope diff=-9.5; 95% CI=-15.0: -4.0; P=0.001), 
and the Middle Horizon’s slope is more gradual than the Formative’s  (slope 
diff=-9.9; 95% CI=-14.9: -4.9; P<0.001). These analyses show that the Archaic 
Period’s intercept is lower than intercepts of the later archaeological phases, 
and the slopes of later archaeological phases are more gradual than the 
Archaic Period’s, again repeating the general pattern of linear growth 
findings.  
 
These findings may be attributed to sample size and distribution. As shown 
below in Table 6.1, sample sizes for the ulna, tibia, and fibula are not uniform 
across the biological age categories, or between the archaeological phases. 
Lines plotted to compare growth rates using linear regression are of ‘best fit’ 
to the data, so lower vs. higher numbers of individuals affect the trajectory of 
the lines, and may be responsible for these significant findings. Technically, 
there ≥10 observations per variable recommended for robust statistical 
analyses (Trott 2004). However, it would be preferable to have a minimum 















Gail E. Elliott  
 
219 
Table 6.1: Sample numbers representing each of the three elements exhibiting significant changes with 
the intensification of agriculture within the biological categories during each archaeological phase. 
Element Arch. Period Infant Child Adolescent Total 
Ulna 
Archaic 5 4 1 10 
Formative 5 11 2 18 
Mid. H. 13 30 3 46 
L. Int. 4 14 1 19 
Late Period 4 1 1 6 
Tibia 
Archaic 3 7 2 12 
Formative 7 11 1 19 
Mid. H. 14 39 13 66 
L. Int. 5 12 1 18 
Late Period 4 5 2 11 
Fibula 
Archaic 2 7 0 9 
Formative 6 11 1 18 
Mid. H. 12 29 12 53 
L. Int. 4 14 2 20 
Late Period 4 5 2 11 
 
 
Figure 6.1: Diaphyseal growth curves for the humerus for each of the five archaeological phases is 
shown. 
 












Figure 6.3:	Diaphyseal growth curves for the ulna for each of the five archaeological phases is shown. 
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Figure 6.5:	Diaphyseal growth curves for the femur for each of the five archaeological phases is shown. 
 








 Figure 6.6:	Diaphyseal growth curves for the femur for each of the five archaeological phases is shown. 
 
 
Figure 6.7:	Diaphyseal growth curves for the fibula for each of the five archaeological phases is shown. 
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6.1.2 Linear Growth Comparisons between the Hunter-Gatherer and 
Agriculturalist Groups 
Preliminary analyses show there are no significant differences between the 
Archaic and Formative Periods, and clear differences between these two 
periods and the later phases. There were significant correlations between 
straight and curved lines for the humerus, femur, and fibula. However, when 
these lines were visually investigated (see Appendix C: Figures AC.8-AC.14), 
straight lines were a better fit for the data (see Figures 6.8 to 6.14 below). 
 
Linear regression and Testparm results (see Appendix D: Tables AD.4 and 
AD.5) show there are no significant differences between the intercepts or 
slopes of these two groups for straight lines representing the data, except for 
the slopes of the femur and fibula, which are significantly different. For the 
femur (P=0.025) and fibula (P=0.043), slopes of the hunter-gatherer group was 
significantly steeper than that of the agriculturalist group.  
 
These significant differences in growth rate of the femur and fibula between 
the groups may be indicative of differences in growth. Yet, the differences 
may also be attributed to sample size and distribution. For the fibula, the 
combination of the separate archaeological phases into the groups still yield 
samples of <10 observations for the infant and adolescent categories in the 
hunter-gatherer group (see Table 6.2 below). The agriculturalist group was 
represented by much larger sample sizes across all of these biological age 
categories, and these differences in representation may have had an effect on 
the line of ‘best fit.’  
 
Table 6.2. The sample numbers representing each of the femur and fibula within the biological 
categories for the hunter-gatherer group (Archaic and Formative Periods), and the agriculturalist 
group (Middle Horizon, Late Intermediate, and Late Period). 
Element Group Infant Child Adolescent Total 
Femur 
Hunter-
gatherer 11 14 3 27 
Agriculturalist 29 59 17 105 
Fibula 
Hunter-
gatherer 8 18 1 27 
Agriculturalist 20 48 16 84 
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These findings are similar for the femur, with sample sizes for the hunter-
gatherer group remaining smaller than that for the agriculturalists. These 
sample size differences may be responsible for the significant differences in 
post-natal growth reported between the two groups (see Table 6.2). The femur 
growth is somewhat complicated, however, because there were no significant 
differences between the archaeological phases and significant differences 
between the groups. These findings make it possible that the differences were 
present between the archaeological phases but combination of the phases and 
the larger sample sizes of the groups led to significant differences in the 
trends. It is also more likely that this element is exhibiting significant changes 
related to growth disturbances rather than sample sizes. However, the small 
number of adolescents in the hunter-gatherer group is still problematic, 
making it realistic to suggest sample sizes were partially responsible.  
 
 
Figure 6.8:	Diaphyseal growth curves for the humerus for the hunter-gather and agriculturalist 
groups. 
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Figure 6.9:	Diaphyseal growth curves of the radius for the for the hunter-gather and agriculturalist 
groups. 
Figure 6.10:	Diaphyseal growth curves of the ulna for the for the hunter-gather and agriculturalist 
groups.	
 












Figure 6.12:	Diaphyseal growth curves of the femur for the for the hunter-gather and agriculturalist 
groups. 












Figure 6.14:	Diaphyseal growth curves of the fibula for the for the hunter-gather and agriculturalist 
groups. 




Gail E. Elliott  
 
228 
6.2 Maximum Mid-Shaft Diaphyseal Width Analyses 
Maximum mid-shaft diaphyseal width (MMSDW) was analysed as a proxy 
for cortical growth to test hypothesis one.  
  
Linear regression analyses of mid-shaft maximum length of the upper limb 
bones involved 117 humerus observations (r2=0.765; P<0.001), 105 radius 
observations (r2=0.842; P<0.001), 106 ulna observations (r2 =0.806; P<0.001), 102 
clavicle observations (r2=0.734; P<0.001), 137 femur observations (r2=0.834; 
P<0.001), 132 tibia observations (r2=0.845; P<0.001), and 113 fibula 
observations (r2=0.845; P<0.001) show linear modelling is suitable for these 
data (see Appendix D: Table AD.06). Sample sizes for these observations are 
large enough to support the ratio of one to 10 variables to observations 
recommended for robust statistical analyses, except for the ulna, which falls 
marginally short of observation numbers needed (Troutt 2004). 
 
Differences in slopes were also present, but half of elements had slopes that 
were more gradual than the Archaic Period’s, while the rest of the cultural 
phases showed steeper slopes. These contradictory findings made it 
impossible to report growth patterns across the agricultural transition using 
the mid-shaft. However, it is also important to note these differences between 
slopes were marginal and statistically insignificant.  
 
The next step was to investigate whether curved lines explained these data 
better than straight lines for MMSDW growth of elements. Linear regression 
and Testparm analyses were used to investigate interactions between straight 
and curved lines. Results show the curved and straight lines have significant 
associations for the humerus, tibia, and fibula, but not for the radius, ulna, or 
clavicle (see Appendix C: Figures AC.15-AC.21 and Appendix D: Tables 
AD.07 and AD.08). Linear regression and Testparm findings show significant 
associations between the curved and straight lines for the humerus, tibia, and 
fibula (see Appendix D: Table AD.10). Consequently, straight lines were 
chosen to permit comparisons between all bones to test for differences, and 
potentially identify growth patterns (see Figures 6.15 to 6.21 below). No 
significant differences were present for the intercepts or slopes of these 
elements between the different archaeological phases. 








 2Figure 6.15:	Mid-shaft maximum width (MMSDW) growth curves for the humerus are shown for 
all of the archaeological phases. 
 
 
Figure 6.16:	Mid-shaft maximum width (MMSDW) growth curves for the radius are shown for all of 
the archaeological phases. 
 








Figure 6.17:	Mid-shaft maximum width (MMSDW) growth curves for the ulna are shown for all of 




Figure 6.18:	Mid-shaft maximum width (MMSDW) growth curves for the clavicle are shown for all of 
the archaeological phases. 








Figure 6.19:	Mid-shaft maximum width (MMSDW) growth curves for the femur are shown for all of 
the archaeological phases. 
 
Figure 6.20:	Mid-shaft maximum width (MMSDW) growth curves for the tibia are shown for all of 
the archaeological phases. 








Figure 6.21:	Mid-shaft maximum width (MMSDW) growth curves for the fibula are shown for all 
archaeological phases. 
 
6.2.1 MMSDW Growth in Hunter-Gatherers and Agriculturalists 
The next step was to compare MMSDW growth between the hunter-gatherer 
and agriculturalist groups. Analyses as described above in Chapter Four were 
rerun for these two groups. Findings show no significant differences between 
the intercepts of these two groups for the straight lines representing the data 
(see Appendix D: Tables AD.09, and AD.10, and Figures 6.22 to 6.28 below). 
No significant differences for the slopes of the straight lines were present 
either, except for between the slopes of the humerus. The slope for the hunter-
gatherers is significantly steeper than for the agriculturalists indicating faster 
growth in the hunter-gatherer group (see Appendix D: Table AD.10). Curved 
lines were then fitted to see if they better explained the data than straight 
lines. Significant correlations between the straight and curved lines were 
present for the humerus, radius, tibia, and fibula (see Appendix D: Table 
AD.10). Yet, when these lines were visually assessed using graphs (see 
Appendix C: Figures AC.22 to AC.28), the straight lines were more suitable 
for these data.  
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Significant differences in the rate of post-natal linear growth for the humerus 
were present with a steeper slope of the hunter-gatherers. As shown in Table 
6.3 below, it is possible that these findings may be caused by differences in 
sample sizes and distribution, affecting the slope of the fitted line. Sample 
sizes for the humerus are larger for the agriculturalist compared to the 
hunter-gatherer group, which may be responsible for these significant 
differences, rather than growth disturbances. 
 
Table 6.3: The sample numbers representing each of the humerus within the biological categories for 
the hunter-gatherer group (Archaic and Formative periods), and the agriculturalist group (Middle 
Horizon, Late Intermediate, and Late Period). 
Element Group Infant Child Adolescent Total 
Humerus 
Hunter-
gatherer 12 21 3 36 




Figure 6.22:	 Mid-shaft maximum width growth (MMSDW) (mm) of the humerus for the hunter 
gatherer and agriculturalist groups. 








Figure 6.23:	Mid-shaft maximum width (MMSDW) growth (mm) of the radius for the hunter gatherer 
and agriculturalist groups. 
 
 
Figure 6.24:	Mid-shaft maximum width growth (MMSDW) (mm) of the ulna for the hunter gatherer 
and agriculturalist groups. 








Figure 6.25:	 Mid-shaft maximum width (MMSDW) growth (mm) of the clavicle for the hunter 
gatherer and agriculturalist groups. 
 
Figure 6.26:	Mid-shaft maximum width (MMSDW) growth (mm) of the femur for the hunter gatherer 
and agriculturalist groups. 








Figure 6.27:	Mid-shaft maximum width (MMSDW) growth (mm) of the tibia for the hunter gatherer 
and agriculturalist groups. 
 
Figure 6.28:	Mid-shaft maximum width (MMSDW) growth (mm) of the fibula for the hunter gatherer 
and agriculturalist groups.	
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6.3 Linear and MMSDW Growth Asymmetry Analyses  
This section involves long bone length and MMSDW asymmetry analyses to 
test hypothesis two. Hypothesis two predicts poor dietary changes across the 
agricultural transition caused higher levels of physiological stress leading to 
significant increases in fluctuating asymmetry of linear and cortical growth. 
 
6.3.1 Investigating the Presence of Linear Growth Asymmetry 
Kruskal-Wallis and Dunn’s tests for the long bone asymmetry show there 
were no significant changes between the median percentages representing 
directional (%DA) and absolute (%AA) asymmetry when the individuals 
were separated by age groups (see Appendix D: Tables AD. 11 and AD. 12). 
However, some archaeological phases were represented by observation 
numbers of less than three. For example, the femur is represented in the 
Archaic Period by two observations. Lower numbers may have prevented 
Kruskal-Wallis tests from detecting significant differences. Because of low 
numbers representing each age category for most of the archaeological 
periods, all of the individuals representing each were then compared for 
directional and absolute asymmetry median percentages to investigate 
whether sample size was having an effect on the Kruskal-Wallis tests (see 
Appendix D: Tables AD.13 and AD.14). No significant differences were 
found.  
 
6.3.2 Linear Growth Asymmetry Comparisons between the Hunter-
Gatherers and Agriculturalists  
Linear growth asymmetry was then compared between the hunter-gatherer 
and agriculturalist groups. The same analyses were run to obtain directional 
and absolute asymmetry median percentages (see Appendix D: Table AD. 15). 
There were no significant differences in directional or asymmetry between the 
two groups when separated into age groups or when individuals collectively 
representing each group were compared (see Appendix D: Table AD. 16). 
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6.3.3 MMSDW Asymmetry across the Agricultural Transition 
Kruskal-Wallis and Dunn’s tests for cortical thickness asymmetry show there 
were no significant changes between the different periods of subsistence 
(hunter-gathering, agricultural transition, and periods of agricultural 
intensification) median percentages representing directional (%DA) and 
absolute (%AA) asymmetry when the individuals were separated by age 
groups (see Appendix D: Tables AD.17 and AD.18). However, some 
archaeological phases were represented by less than three observations, 
which may have prevented Kruskal-Wallis tests from detecting significant 
differences. Because low numbers represented many age categories for most 
of the archaeological periods, all of the individuals representing each 
archaeological period were then compared for directional and absolute 
asymmetry median percentages to investigate whether sample size had an 
effect on the Kruskal-Wallis testing (see Appendix AD: Tables AD.19 and 
AD.20). No significant differences were found.  
 
6.3.4 MMSDW Asymmetry Comparisons between Hunter-Gatherer 
and Agriculturalist Groups 
Cortical thickness asymmetry was then compared between the hunter-
gatherer and agriculturalist groups. The same analyses were run to obtain 
directional and absolute asymmetry median percentages for the two groups 
(see Appendix D: Table AD. 21). There were no significant differences in 
median percentages of directional (%DA) or absolute (%AA) asymmetry 
between the two groups when separated into age groups or when all 
individuals representing each group were compared (see Appendix D: Table 
AD. 22). However, low observation numbers may have prevented Kruskal-
Wallis tests from detecting significant differences. 
 
6.4 Dental Crown Size and Asymmetry Analyses 
Dental crown asymmetry and size was assessed for significant changes across 
the agricultural transition to test hypothesis two. This hypothesis is that 
cultural changes across the agricultural transition caused higher levels of 
stress leading to increases in fluctuating asymmetry in tooth crown size but 
generally smaller tooth crown sizes.  








Few observations were present for the third permanent maxillary and 
mandibular molars (18, 28, 38, and 48) so these teeth were not included in the 
analyses. 
 
6.4.1 Dental Crown Asymmetry Across the Agricultural Transition  
Kruskal-Wallis and Dunn’s tests for dental crown asymmetry show there 
were no significant changes in median percentages of directional (%DA) and 
absolute asymmetry (%AA) between the different subsistence groups (hunter-
gathering, agricultural transition, and periods of agricultural intensification) 
(see Appendix D: Tables AD.23 and AD. 24). Again, some archaeological 
phases were represented by observation numbers of less than three, which 
may have prevented Kruskal-Wallis tests from detecting significant 
differences. Insufficient observation numbers were present for some of the 
permanent dentition, including the permanent maxillary canines and 
premolars, mandibular canines, mandibular premolars, and second molars. 
These sample issues were not present for the deciduous dentition. 
 
6.4.2 Dental Crown Asymmetry Comparisons between the Hunter-
Gatherers and Agriculturalists  
Kruskal-Wallis and Dunn’s tests for median percentages of directional (%DA) 
and absolute asymmetry (%AA) of dental crown asymmetry between the 
hunter-gathering and agriculturalist groups were compared (see Appendix D: 
Table AD. 25). Small observation numbers may have prevented Kruskal-
Wallis tests from detecting significant differences. Insufficient observation 
numbers were present for some of the permanent dentition, including the 
permanent maxillary canines and premolars, mandibular canines, mandibular 
premolars, and second molars. These sample issues were not present for the 
deciduous dentition. 
 
6.4.3 Tooth Crown Size across the Agricultural Transition  
To investigate changes in tooth crown size, median and interquartile ranges 
were acquired for the mean measurements for each archaeological phase (see 
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Appendix AD: Tables AC.26- AC.28). Kruskal-Wallis and Dunn’s Tests reveal 
significant differences in two sets of permanent measurements. The BL 
average length from the right and left second maxillary molars (17, 27) has 
significant differences between Archaic and Formative Periods, Archaic and 
Middle Horizon, Archaic and Late Intermediate, and Formative and Middle 
Horizon Periods. Maxillary second premolar CH (15, 25) shows significant 
differences between the Archaic and Middle Horizon, and Middle Horizon 
and Late Periods (see Figures 6.29 and 6.30 below). Buccolingual dimensions 
of the first permanent molar (16, 26) was significantly larger during the 
Middle Horizon than either the Archaic or Formative Periods. Finally, the 
buccolingual measurement of the second molar (17, 27) was larger in 
Formative, Late Intermediate and Middle Horizon periods than the Archaic 
Period, and larger in the Middle Horizon as compared to the Formative (see 
Appendix D: Tables AD. 26 and AD.29).  
 
There are more differences between deciduous dental measurements for the 
molars, although there were no significant differences in the asymmetry of 
deciduous dimensions. Upper and lower deciduous molars have significant 
findings for the same dimensions (see Appendix D: Table AD.28). Most of the 
differences are between the Archaic Period and the later phases, including 
Middle Horizon, Late Intermediate, or Late Periods, particularly buccolingual 
and crown height measurements. Significant differences also lie between the 
Formative and Middle Horizon for all of the dimensions, and then there are 
CH differences for the Formative and Late Intermediate, and BL between the 
Formative and Late Periods. Significant differences also lie between the BL 
measurements of the Middle Horizon and Late Intermediate, and CH 
measurements between the Middle Horizon and Late Periods. There is also a 
difference in CH between the Late Intermediate and Late Periods for the 
mandibular second molars (see Appendix D: Table AD.28). These differences 
in dimensions for the deciduous teeth are plotted below in Figures 6.29 to 
6.36.  
 
Caution with the analyses is necessary because of the small numbers of 
observations. As mentioned previously, any sample size of <3 observations 
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are unlikely to yield statistically significant results, making the tests 
ineffective (A. Grey: personal communication). Insufficient observation numbers 
were present for some of the permanent teeth, including CH of the first 
premolar, all of the dimensions of the maxillary second molar, all of the 
dimensions of the mandibular canine, and the second premolar (see 
Appendix D: Tables AD.26- AD. 28).  
 
 
Figure 6.29:	 Boxplots illustrating significant differences in crown height of the second maxillary 
premolars. 








Figure 6.30:	 Boxplots illustrating significant differences in crown width of the second maxillary 
permanent molars.	
 
Figure 6.31: Boxplots illustrating significant differences in crown width (BL) for the first maxillary 
deciduous molars. 








Figure 6.32:	Boxplots illustrating significant differences in crown length (MD) for the first maxillary 
deciduous molars.	
 
Figure 6.33:	Boxplots illustrating significant differences in crown width (BL) for the second maxillary 
second deciduous maxillary molars. 












Figure 6.35	Boxplots illustrating significant differences in crown length (MD) of the second maxillary 
deciduous molars. 
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Figure 6.36:	Boxplots illustrating significant differences in crown height (CH) of the first mandibular 
deciduous molars.	
 
6.4.4 Dental Crown Size Comparisons between the Hunter-Gatherer 
and Agriculturalist Groups  
Median and inter-quartile ranges were obtained for each group for the three 
measurements (see Appendix D: Tables AD. 30 and AD. 31). Kruskal-Wallis 
and Dunn’s tests show where any significant differences are present (see 
Appendix D: Tables AD. 30 and AD. 31). Significant differences were present 
between the hunter-gatherer and agriculturalist groups for buccolingual (BL) 
measurements of the permanent maxillary canine (13, 23), crown height (CH) 
of the second permanent maxillary premolar (15, 25), BL length of the 
maxillary first permanent molar (16, 26), BL of the maxillary second 
permanent molar (17, 27), BL, CH, and MD measurements of the first 
deciduous maxillary molar (54, 64), BL, CH, and mesiodistal (MD) 
dimensions of the second maxillary deciduous molar (55,65), CH and MD 
length of the mandibular deciduous first molar (74, 84) (see Appendix D: 
Tables AD. 30 and AD. 31; and Figures 6.37 to 6.46). In these cases, the 
agriculturalists have larger dimensions than hunter-gatherers.  








The findings directly contradicting the predictions of hypothesis two for a 
decrease in tooth crown size across the agricultural transition in response to 




Figure 6.37:	Boxplots showing general dimensions of the maxillary canine crown width (BL). 
	












Figure 6.39:	Boxplots showing the general dimensions of the crown width (BL) of the first maxillary 
permanent molar. 









Figure 6.40:	Boxplots showing the general dimensions of the crown width of the maxillary second 
permanent molar.  
 
Figure 6.41:	Boxplots showing the general sizes in crown width of the deciduous maxillary first molar. 








Figure 6.42:	Boxplots showing the general sizes in the crown length of the first deciduous maxillary 
molar. 
 
Figure 6.43:	Boxplots showing the general sizes in crown width (BL) of the second deciduous maxillary 
molar. 








Figure 6.44:	Boxplots showing general sizes in crown height of the maxillary second deciduous molar. 
 
Figure 6.45:	Boxplots showing general sizes in crown height of the mandibular first deciduous molar. 
 








Figure 6.46:	Boxplots showing general sizes in crown length (MD) of the mandibular deciduous first 
molar. 
 
6.5 Defects of Dental Enamel  
Detailed breakdowns of the data for teeth with, and without defects, in 
deciduous and permanent dentition, individuals with and without defects, 
and corresponding percentages for the archaeological phases and groups are 
presented in Appendix D: Table AD.32). A further breakdown into the 
anterior and posterior deciduous and permanent dentition is also provided 
(see Appendix D: Table AD.33). Importantly, Skinner’s teeth (with isolated 
defects) were included in these analyses as many of the individuals were only 
represented by one or two teeth. The findings shown the Archaic and 
Formative periods have higher instances of pitting in teeth compared to the 
Middle Horizon, Late Intermediate, and Late Periods. Comparisons between 
hunter-gatherer and agriculturalist groups are shown in Table AC.32. For 
example, comparisons between the hunter-gatherer and agriculturalist groups 
in Table AC.33, 4.88% of all hunter-gatherer teeth, and 1.40% of all 
agriculturalist teeth showed pitting, with the anterior deciduous teeth of the 
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hunter-gatherers showing the highest frequency of 3.49% (see Appendix D: 
Table AD.32).  
 
For the horizontal grooves of linear enamel hypoplasias, the highest 
frequency of these defects was found in the Middle Horizon, present in 
14.39% of all of the teeth observed. For these linear enamel hypoplasias, 
frequencies were generally higher in later archaeological phases compared to 
the Archaic and Formative. For example, when comparing hunter-gatherer 
and agriculturalist groups, the prevalence among hunter-gatherers was 2.15%, 
and 10.57% in agriculturalists (see Appendix D: Table AD.32). The highest 
percentage of linear enamel hypoplasias were present in the anterior 
permanent dentition of the agriculturalists (38.81%) (see Appendix C: Table 
AD.34). There were very few opacities within this skeletal collection and they 
appeared to be more prevalent among the earlier archaeological phases 
compared with the later periods (see Appendix D: Table AD.33). The greater 
prevalence of linear enamel hypoplasia across the agricultural transition does 
support the theoretical model and predictions made in hypothesis one. 
Further, the majority of the defects in the permanent dentition formed within 
the first two to three years, during the period of weaning that is most stressful 
(Hillson and Bond 1997).  
 
Finally, Kruskal-Wallis and Dunn’s Tests show there are no significant 
differences in the median age of initiation of these defects between the 
archaeological phases or the hunter-gather (median age 0.16 years) and 
agriculturalist (median age 0.15 years) groups. As mentioned previously, the 
Kruskal-Wallis tests cannot detect significant differences if the sample size is 
smaller than three, so for a number of these analyses, the sample was too 
small for a change to be detected, which limited this aspect of the analyses 
considerably (see Appendix D: Table AD. 35). It is also important to note that 
while defects were recorded and are tabulated in Table AD. 35, many defects 
could not be used in the age at formation estimations because of the severity 
of dental wear.  
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6.6 Indicators of Adolescence: Start and Completion  
Median (MED) and interquartile (IQR) ranges were obtained for dental ages 
of individuals for stages of development of each element (see Appendix D: 
AD.36). Kruskal-Wallis and Dunn’s Tests were used to identify any 
significant differences.  
 
One immediate limitation of these analyses was sample size, as Kruskal-
Wallis Tests cannot pick up significant differences if sample sizes are smaller 
than three. Therefore, if the sample sizes were smaller than three, the analyses 
were not carried out. For most of the stages of development, observation 
numbers were less than three, leading to Kruskal-Wallis Tests being unable to 
detect significant differences. Only the cervical vertebrae, mandibular canine, 
and distal radial epiphysis had sufficient observations (see Appendix D: Table 
AD. 36). This meant that the potential to investigate the timing of menarche, 
for example, and other aspects of growth, such as remaining time from the 
fusion of the radial epiphysis, was lost. Because observation numbers were so 
low, stages were combined to get medians and inter-quartile ranges for 
analyses. For example, ‘Stages G and H’ were combined for the mandibular 
canine because they are morphologically similar (Demirjian et al., 1973).  
 
6.6.1 Adolescent Progress in Hunter-Gatherer and Agriculturalist 
Groups 
Median and inter-quartile ranges were obtained for each stage for the canine, 
radius, and cervical vertebrae (see Appendix D: Table AD.37). Kruskal-Wallis 
and Dunn’s Tests show significant differences are present between the 
hunter-gatherer and agriculturalist groups for Stage G/H of the mandibular 
canine. The age of attainment was significantly later for the agriculturalists 
compared to the hunter-gatherers, supporting hypothesis one for a delay in 
growth with the development of agriculture (see Appendix D: Table AD.37 
and Figure 6.47 below).  
 








Figure 6.47: Boxplots illustrate the differences in age range for obtaining the combined G/H stages of 
canine development for the hunter-gatherer and agriculturalist groups.  
 
6.7. Summary of Findings 
Linear growth and MMSDW (as a proxy for cortical growth) findings do not 
show significant changes across the agricultural transition for the majority of 
the skeletal elements (see Table 6.4 below). Size at birth (intercept) and rate of 
post-natal growth were not significantly different, except for the slopes 
representing the ulna, tibia, and fibula. These findings may also be explained 
by representation across the age categories for each of these elements. These 
findings largely refute hypothesis one. 
 
For MMSDW, analyses show there were no significant differences between 
the intercepts or slopes across the archaeological phases (see Table 6.4 below). 
A discernible pattern of growth is not present for the MMSDW growth. Half 
of the upper limb and all of the lower limb bones exhibit the pattern with the 
Archaic Period displaying a smaller size at birth and a faster rate of post-natal 
growth. Yet, these findings are not significant and contradict hypothesis one. 
When analyses of hunter-gatherer and agriculturalist groups were carried 
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out, only the humerus showed significant differences in rate of post-natal 
growth with the hunter-gatherers exhibiting the faster rate. This single 
finding for the humerus does potentially support hypothesis one although 
sample sizes may be responsible in part for this finding.  
 
 6.7.1 Bone and Dental Crown Asymmetry 
There were no significant changes in directional or absolute asymmetry of 
long bone lengths, cortical thickness or tooth dimensions (BL, MD, CH) over 
the archaeological phases or between the two groups (see Table 6.4 below). 
These findings contradict hypothesis two.  
 
 6.7.2 General Tooth Crown Size 
There were a number of significant differences in tooth crown dimensions 
over time between the earlier archaeological phases (smaller), including the 
Archaic and Formative, and the later archaeological phases (larger), such as 
the Middle Horizon, Late Intermediate, and Late Periods (see Table 6.4).  
 
 6.7.3 Dental Enamel Defects 
For the dental enamel defects, there were more defects in the later 
archaeological periods, including the Middle Horizon and Late Intermediate. 
And more defects were present in the agriculturalist group than the hunter-
gathering group. However, there were no significant differences in the 
median age of initiation of these defects between the archaeological phases or 
the groups (see Table 6.4 below).  
 
 6.7.4. Adolescent Indicators 
Small numbers of observations are a challenge when studying the indicators 
of the start and cessation of biological adolescence. There was the potential to 
gain information about health, including age at the start of menarche, for 
example, but sample sizes prevented these analyses. The continued presence 
of soft tissues was particularly problematic for these analyses. As a result, 
only three elements yielded numbers of observations high enough to carry 
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out basic analyses between the hunter-gatherer and agriculturalist groups for 
the mandibular canine. 
 
These finding showed that the median age of Stage G/H for the canine was 
significantly later in the agriculturalists compared to the hunter-gatherers. 
This finding supports hypothesis one for a developmental delay across the 
agricultural transition. 
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Archaeological Phases Groups 
Significant Findings Significant Findings 
Bone Growth 
Data 
Linear Bone Growth 
(mm) 
Ulna slope: A>LI; MH> LI. 
Tibia slope: A>LI; F>LI; F>LP; F>MH; 
LP>LI; MH>LI. 
Fibula slope: A>LI; A>MH; F>LI; F>LP; 
F>MH. 
Femur slope: HG> AG 
Fibula slope: HG>AG 
Mid-shaft Maximum 
Width (mm) No significant differences present. Humerus slope: HG>AG 
Bone Growth 
Asymmetry 
Linear Bone Growth 








16, 26: MH>A; MH>F. 
17, 27: F>A; MH>A, LI>A, MH>F. 
54, 64: LI>A; LP>A; MH>A; MH>F; MH>LI. 
55, 65: LP>A; MH>A; LP>F; MH>F. 
13, 23: HG<AG. 
16, 26: HG<AG. 
17, 27: HG<AG. 
54, 64: HG<AG. 
Mesiodistal 
Measurement (mm) 54, 64: LP>A; MH>A; LP>F; MH>F. 
54, 64: HG<AG. 
55, 65: HG<AG. 
74, 84: HG<AG. 
Crown Height (mm) 
15, 25 (CH): MH>A; MH>LP. 
55, 65: MH>A; MH>F; MH>LP. 
74, 84: LI>A; MH>A; LI>F; MH>F; LI>LP; 
MH>LP. 
54, 64: HG<AG. 




Measurement (mm) No significant differences present. No significant differences present. 
Mesiodistal 
Measurement (mm) No significant differences present. No significant differences present. 
Crown Height (mm) No significant differences present. No significant differences present. 









Pits No significant differences present. No significant differences present. 
Grooves No significant differences present. No significant differences present. 
Adolescent 
Indicators 
Mandibular Canine No significant differences present. Attainment of stages significantly later in agriculturalists. 
Cervical Vertebrae 
Maturation (CVM) No significant differences present. No significant differences present. 
Iliac Crest Epiphysis No significant differences present. No significant differences present. 
Distal Radial Epiphysis No significant differences present. No significant differences present. 
Hook of Hamate Bone No significant differences present. No significant differences present. 
Adductor sesamoid 
bone No significant differences present. No significant differences present. 
Distal Phalanx of Digit 
II (hand) No significant differences present. No significant differences present. 
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 Chapter 7: Discussion 
7.1 Growth Findings and Health Interpretations for this Thesis 
This section evaluates the hypotheses tested in this thesis within the context 
of the results. Growth measures are addressed below with consideration of 
representative samples, analytical approaches taken, environmental and 
cultural contexts, and findings from previous studies, both regionally and 
globally.  
 
 7.1.1 Hypothesis One 
Hypothesis one is for a greater negative impact on growth with the 
development of agriculture, manifesting as a delay in linear growth, skeletal 
development and maturation, and a decrease in overall tooth crown size. 
Higher levels of physiological stress in the post-agricultural populations may 
have also caused a significant increase in the fluctuating asymmetry in tooth 
crown size of the posterior deciduous and permanent dentition, and in the 
growth of long bones. 
 
 7.1.2 Hypothesis Two 
Hypothesis two is that social practices necessary for the intensification of 
agriculture would lead to a greater health deterioration when compared to 
the transition to agriculture. These findings would manifest through greater 
delays in linear growth, skeletal development and maturation, decrease in 
overall tooth crown size, greater instances of fluctuating tooth crown size and 
long bone length.  
 
7.1.3 Maternal and Foetal Health in Northern Chile 
Findings for linear and cortical growth between the archaeological phases and 
the two groups suggest temporal increases in size at birth, although there 
were no statistically significant changes, so it is likely that birth size remained 
relatively similar over time. Prevalence of dental enamel defects in deciduous 
dental crowns also increased with development of agriculture, suggesting 
that intra-uterine conditions deteriorated with the adoption of agriculture, 
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although there were no significant differences in the median age of defect 
initiation. As discussed previously, in Section 3.3, size at birth is a measure of 
both maternal and foetal health (Bogin et al., 1988; Hack et al., 2003; Olsen 
2000; Yessoufou and Moutairou 2011). Therefore, findings for this thesis 
indicate that maternal and foetal health remained relatively constant over 
time with the development and intensification of agriculture. These findings 
contradict hypothesis one for the deterioration of health with agriculture, and 
may be linked to a number of biocultural factors, including changes in social 
practices, such as subsistence.  
 
One of the primary indicators of social change throughout the region lies in 
the carefully documented burial rites that were constantly modified across the 
archaeological phases (see Chapter Two). These changes were likely the result 
of increasing social sophistication in the region, linked to other major societal 
developments, including the development and intensification of agriculture, 
social hierarchies, sex-specific differences in labour roles, and access to 
nutritious foods, which may have affected maternal and foetal health over 
time. Infants may also die after being subject to trauma (e.g. birth trauma, 
infanticide, caregiver violence, etc.) and so will not die because of poor health 
but due to circumstances. They may also suffer from dietary stress because 
they are denied the resources they need to grow, due to societal position and 
practices. For example, maternal access to foods in the egalitarian Chinchorro 
society likely meant an equal sharing of nutritious foods obtained. In later 
societies, with the sex-specific division of labour and females potentially 
remaining at home tending to crops while males hunted, so females were 
likely to have had a reduced dietary protein intake and higher carbohydrate 
component to their diets, compared to their male counterparts. These sex-
specific diets may have extended to adolescents and even to young children, 
but the lack of sex specific analyses prevent an in-depth discussion of such 
practices based on growth findings. Ultimately, these differences should have 
led to a deterioration in maternal health with the later females being subject to 
micronutrient deficiencies, however, the raw fish diet largely consumed by 
the Chinchorro subject them to marine parasite loads that also led to 
micronutrient deficiencies (Arriaza et al., 2008; 2010; Arujo et al., 2011; 
Reinhard and Urban 2003). These parasitic loads would have had a negative 
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effect on maternal and foetal health because studies have linked helminth 
parasitic loads in living populations to reduced immunity to anaemia and 
disease (Fairley et al., 2013; Kawi et al., 2009; Yatich et al., 2009). Pregnancy is 
an altered state of maternal physiology that leads to the greater maternal 
susceptibility to disease because immune responses are lowered (Adegnika et 
al., 2007; Stoever et al., 2009). However, pregnancy also involves a greater 
demand for nutrients, which is much higher in mothers that have a poor diet, 
such as the pregnant women in these early populations from northern Chile 
(Rodriguez-Morales et al., 2006; Stoever et al., 2009). These high demands for 
nutrition are increased by the parasites that remove nutrients from the 
mother, with significant repercussions for maternal and foetal health (Tsoka-
Gwegweni and Ntombela 2014). One of the outcomes of these poor intra-
uterine conditions may be the small size at birth of the infant, as growth has 
been negatively affected (Bogin et al., 1988; Hack et al., 2003; Olsen 2000; 
Yessoufou and Moutairou 2011). It is hypothesized that the practice of 
cooking was developed in the Formative Period, with the presence of 
domesticated animals, and thus, the use of manure for fuel, leading to a 
general reduction in parasitic load (Aufderheide et al., 2002). Until the arrival 
of domesticated animals, there was relatively little fuel in these valleys to 
burn (Aufderheide et al., 2002; Stanish 1992). However, the archaeological 
evidence is not highly supportive of this hypothesis for the delay of cooking 
until the Formative so it is possible that cooking was present in the Archaic 
Period but impossible to determine how wide-spread the practice was.  
 
Agricultural development in these valleys was also subject to a number of 
challenges that would have impacted on maternal and foetal health. As 
discussed in Chapter Two, the maize-based agriculture in these valleys was at 
subject to poor water and soil quality (Ponce 2009, Strasser and Schlunegger 
2005). Therefore, while agriculture could be practiced all year round, due to 
the warm desert location, the best times for practicing agriculture was when 
the seasonal San José river of the Azapa Valley was flowing, during January 
and February as it has the best water quality in the region.  There are no 
archaeobotanical studies to suggest a cyclic food dependence (i.e. times 
during the year when agriculture was not practiced) suggesting that to some 
degree, maize was an annual staple. Arsenic exposure in the region also plays 




Gail E. Elliott  
 
263 
a significant role in maternal and foetal health. As discussed in Chapter Two, 
arsenic exposure occurs by drinking contaminated water, or through the 
water to soil to plant crop system (Rosas-Castor et al., 2014). And some plants, 
particularly maize (Zea mays L.), accumulate arsenic at higher levels than in 
the soil and water (Rosas-Castor et al., 2014). Arsenic ingestion also increases 
when cooking arsenic-contaminated plants is done with arsenic-contaminated 
water (Roychowdhury 2008; WHO 2017). High arsenic levels are associated 
with increased foetal loss, premature delivery, low birthweights, poor post-
natal growth, and neural tube defects, such as spina bifida occulta (Kapaj et 
al., 2006; Gardner et al., 2013; Mazumdar 2017; Rahman et al., 2010). In 
addition, arsenic affects breast-feeding. For example, arsenic exposure in 
mouse mothers has also been shown to alter breast milk during pregnancy, 
causing poor lactation and slower growth of the pups (Kozul-Horvath et al., 
2012). Research on living children from Bangladesh has further shown that 
the presence of low levels of arsenic leads to growth retardation (Gardener et 
al., 2013), so it is possible that these high levels of arsenic in Chile negatively 
affected foetal development. These effects of arsenic may fundamentally be 
responsible for the findings that are being seen in the suggestions that foetal 
health remained relatively similar over time. Interestingly, mummified 
remains from the Azapa and neighbouring Caletor Vitor Valleys suggest that 
arsenic levels in these local populations were not as high as initially thought 
(Boston and Arriaza 2009; Swift et al., 2015). Recent research from the 
Camarones Valley on modern populations has also shown that people in 
these valleys developed a tolerance to arsenic over time there, which may 
have contributed to small, temporal improvement in size at birth (Atapa et al., 
2017). 
 
The temporality of these very small, insignificant improvements in size at 
birth suggests that maternal and foetal health was of a better-quality with the 
development of agriculture. This improvement in health may also be linked to 
highland population migration to the coastal valleys and trade between the 
regions (Rivera 1991; 2008; Sutter 2000; Watson et al., 2010; 2013). Trade is 
likely to have involved Andean resources, including vegetables, such as 
squash, thus improving diets of costal populations and thus, nutritional status 
(Pearsall 2008; Rivera 1991; Sutter 2000; 2006). A genetic component could be 
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responsible for these small temporal changes in birth size. Ten thousand years 
of coastal occupation may have led to selective environmental adaptations by 
local populations, for example, developing a tolerance to the high arsenic 
levels (Apata et al., 2017). This adaptation by these populations may have 
affected gene frequencies within the populations and thus, growth’s 
sensitivity to environmental conditions. Highland cultures moving into the 
valleys may have also introduced genetic material that could account for 
larger sizes of individuals. This exchange of genetic material means it is 
possible the individuals in the later periods, while slightly larger, are not 
necessarily healthier.   
 
It is difficult to say how small these babies were at birth, relative to infants 
from modern populations. The majority of available techniques to estimate 
size at birth from diaphyseal lengths were developed on white, healthy 
individuals from Europe and North America (e.g. Chitty and Altman 2002; 
Chitty et al., 1994). Yet, the Aymara, who are the modern descendants of these 
ancient populations, are some of the shortest people in the world (Bogin 
1999). This makes it difficult to apply techniques derived on taller modern 
populations to ancient samples to enable comparisons with these modern 
counterparts for a general understanding of health quality, as the techniques 
are likely to overestimate the size of these infants. Studies from South 
America have also been published that involve the sizes of new-born infants 
ready for comparison (e.g. Haas et al., 1977), although there are no current 
studies of Aymara baby sizes at birth. These studies have also been created on 
individuals at altitude, for example, so encompass other factors that influence 
body size, making them unsuitable for use (Haas et al., 1977). Therefore, direct 
comparisons of size at birth between modern and ancient counterparts to 
discuss health findings was not carried out for this thesis.  
 
These findings do not show a significant improvement in maternal and foetal 
health in northern Chile with the development and intensification of 
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7.1.4 Post-natal Growth in Northern Chile  
Linear and cortical growth and asymmetry, dental enamel defects, indicators 
of puberty, dental crown size and asymmetry findings indicate a complex 
relationship between post-natal growth and agriculture in these valleys.  
 
Post-natal linear growth rates did not significantly decrease across the 
agricultural transition in northern Chile, except for those of the ulna, tibia, 
and fibula, which reflect predictions of the model for health deterioration 
with agriculture. These statistically significant differences for the ulna, tibia, 
and fibula are between earlier phases (Archaic, Formative), and later phases, 
(Middle Horizon, Late Intermediate, Late Periods), suggest growth was 
disturbed by agricultural intensification, rather development. The findings 
may suggest that behavioural developments necessary for the intensification 
of agriculture affected health, rather than just the dietary changes associated 
with agriculture (Zakrzewski 2003). These findings are confirmed by analyses 
of the hunter-gatherer and agriculturalist groups with post-natal growth 
occurring at a slower rate in the agricultural group, representing the period of 
agricultural intensification in this region. However, only post-natal growth 
findings for the femur and fibula were statistically significant in the group 
analyses.  
 
As discussed in Chapter Six, sample sizes for the ulna, tibia, femur, and fibula 
are not equally distributed across the biological age categories for each 
archaeological phase or between the groups. Sample sizes were very small 
(<10 observations) for the fibula in the infant and adolescent biological age 
categories in the hunter-gatherer group, while the agriculturalist group was 
represented by much larger sample sizes (general the hunter-gatherer sample 
sizes are smaller than the agriculturalist sample sizes). These differences in 
observation numbers may have affected growth variation representing each 
population, which is likely to have influenced the slope of the line of ‘best fit.’ 
Femoral growth is more challenging to interpret as there are statistically 
significant differences in growth rate between the groups but not in the 
archaeological phases. There may have been differences present between the 
archaeological phases, but small sample sizes limited detection, while the 
larger group sizes, allowed growth disturbances to be revealed. Sample sizes 
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are small in the adolescent age category with higher numbers in the earlier 
biological age categories. These greater numbers of infants and children 
reflect selective mortality in samples of immature individuals (Wood et al., 
1992). Selective mortality, as previously discussed in Chapter Three, is the 
variability in mortality risk between two individuals of the same age (Wood et 
al., 1992). The good preservation of many individuals, related to the early 
artificial or natural mummification processes, prevented additional samples 
from being studied. Significant growth disturbances of some elements, rather 
than all of them, may also be related to differential sensitivity. For example, it 
has been argued that the lower limb is more reactive to environmental 
conditions because it grows faster (Bogin et al., 2002). However, it is not 
unusual for some elements, rather than all of them, to show significant 
differences. One study of 67 individuals from the Dickson Mounds in Illinois 
(Goodman et al., 1985a) reports that tibia growth was significantly disturbed 
in a group of five to 10-year old agriculturalists. Therefore, it is possible, 
although somewhat unlikely because of sample size and distribution, that the 
ulna, tibia, and fibula, are reflecting the poorer health of agriculturalists 
compared with the humerus, radius, clavicle, and femur in northern Chile. 
Despite sampling challenges, these findings are important to the discussion 
regarding the model for health and agriculture in northern Chile, and the 
wider application of the theoretical model being tested. This is because the 
findings for linear growth are somewhat mixed, requiring a deeper discussion 
of genetic, environmental, and social factors that may be responsible.  
 
There are a number of outliers seen in some of the graphs that are also worth 
discussing. For example, inspection of the linear growth of the femur across 
the archaeological phases shows an individual from the Middle Horizon (T-8) 
at 2.90 years of age. This individual has a much shorter femoral length (79.76 
mm) than the average lengths of other individuals of the same age. For 
example, T-127B and T-21 have longer femoral lengths of 178.0 and 165.0 mm, 
respectively. It is possible that the shorter length of this individual’s femurs 
may be related to poor growth. However, issues surrounding dental age 
estimation are more likely. For example, the tooth in question is the 
deciduous maxillary canine that exhibits a higher age than the remainder of 
the dentition for this individual. Therefore, the individual may be expressing 
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a slightly different deciduous tooth development pattern than that seen in 
white individuals. It is possible that genetic isolation and environmental 
influences on these populations led to differences in growth patterns and is 
worth being explored in the future. Another potential cause of this age 
difference relates to the location of the tooth in the maxilla. It is recommended 
that radiographs of maxillary dentition are taken with caution as the bone in 
the region obscures the tooth development. Issues relating to dental 
development and age estimation will be further discussed below in Section 
7.2.4, as many teeth as possible were radiographed and used in age estimation 
for each individual. Importantly, some individuals do exhibit developmental 
stages that are not common for their age and are worth exploring in a future 
study.  
	
Generally, findings for post-natal cortical growth, a proxy for body size, 
through analyses of the mid-shaft maximum width, have no identifiable 
pattern of temporal change, refuting hypothesis one. For example, radial 
cortical size is largest during the Archaic Period, while ulna cortical thickness 
increases in the later phases relative to the Archaic Period. Small sample sizes 
may be responsible for these inconsistent findings. For the group analyses, 
humerus growth was statistically significantly faster in the hunter-gatherer 
group and results show growth was faster in the hunter-gatherer group. 
These changes in humerus growth rate could reflect differential sensitivity of 
the bone compared to other upper limb elements or be linked to handedness 
(Bogin et al., 2002).  
 
Analyses of post-natal skeletal linear growth asymmetry show no significant 
differences in directional or absolute asymmetry between the archaeological 
phases or groups. Directional asymmetry is asymmetry that is genetically 
linked, or influenced by a bias in developmental conditions, rather than a 
general measure of poor health (Markow 1994). Absolute asymmetry is the 
asymmetry present but calculated in such a way that there is always a 
positive number (Auerbach and Ruff 2006). These findings refute hypothesis 
two of this thesis.  
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Occurrence of hypoplastic pitting generally decrease and linear enamel 
hypoplasia increase at both individual and tooth levels with the development 
of agriculture in coastal northern Chile. Only the Middle Horizon Period had 
higher rates of pitting than the Archaic Period. The greater presence of this 
hypoplastic pitting, at individual and tooth levels occurs in the Archaic 
Period, then the Middle Horizon, Formative, Late Period and Late 
Intermediate, although there are no pits in the permanent teeth from the Late 
Intermediate and Late Periods. Group analyses also show higher rates of 
pitting in the hunter-gatherer group at individual and tooth levels. Rates of 
LEH increase from the Archaic Period onwards, with a peak during the 
Middle Horizon, before declining again. Analyses of groups reflect these 
findings with higher levels of LEH in agriculturalists. The findings may also 
suggest that the Middle Horizon period was one of great physiological stress 
with the intensification of agriculture in the region. For the age at time of 
formation, no statistically significant differences were present between the 
archaeological phases or groups for the pits or LEH. These findings for the 
dental enamel defects and thus, conclusions regarding health are mixed.  
 
Dimensions of the tooth crowns are generally smaller in the Archaic Period 
compared to the later phase. These findings suggest an improvement in 
environmental conditions during the later archaeological phases compared to 
the Archaic Period in utero and early infancy when the crowns were being 
formed. Greater occasions of significant differences are present for the 
deciduous compared to permanent dentition. Low numbers of observations 
may also be responsible for the low presence of significant differences in the 
permanent compared to the deciduous teeth. Fewer than three observations 
were present for many permanent crown dimensions, making it difficult for 
Kruskal-Wallis tests to detect significant differences. For the group analyses, 
crown dimensions of the hunter-gatherers were smaller with both permanent 
and deciduous exceptions. The crown length of the maxillary permanent 
canine; crown height and length of the second maxillary premolar; crown 
length, height, and width of the first and second deciduous maxillary molars 
are significantly larger in the group representing the intensification of 
agriculture. These statistically significant findings for crown size directly 
reject hypothesis one.  








Findings for direct and absolute dental crown asymmetry do not show 
statistically significant differences across the agricultural transition. However, 
one of the issues related to the analyses is sample size, particularly for the 
anterior permanent dentition. Dimensions of the deciduous dentition were 
represented by more than three observations for each of the archaeological 
phases. These findings for the significant differences of the crown width of 
the maxillary deciduous canine support hypothesis two. Findings for the 
remaining teeth generally support hypothesis two.  
	
Small sample sizes made it impossible to evaluate median age of attainment 
for developmental stages of most of the elements acting as indicators for the 
start and end of adolescence. For elements represented in each archaeological 
phase, including the permanent mandibular canine, most phases were 
represented by fewer than three observations, preventing Kruskal-Wallis tests 
from detecting significant differences. Combining developmentally close 
stages, such as Stages G and H of the canine root mineralisation (Demirjian et 
al., 1973), still led to insufficient numbers of observations for the Kruskal-
Wallis tests (A. Gray: personal communication). Only combined Stage G/H of 
canine development in group comparisons could be carried out. These 
findings show that the median age of attainment of Stage G/H was 
statistically significantly delayed in the agriculture group that represents the 
intensification of agriculture.  
 
Post-natal linear growth rates, findings for group comparisons of cortical 
growth, prevalence of LEH, and the attainment of Stage G/H of canine root 
development suggest growth was disturbed across the agricultural transition. 
The findings support predictions of the theoretical model for the deterioration 
of health with the development of agriculture. This disturbance of growth 
may have been caused by environmental conditions worsening with the 
development of agriculture. Catch-up growth could also have occurred in the 
Archaic Period after poor intra-uterine growth, as seen in the results for linear 
growth (Williams 1981). As discussed earlier, palaeodemographic findings 
show that numbers of individuals in the <15-year age category was lowest in 
the Archaic Period and greatest in the Middle Horizon (Moreno et al., 1992). 
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Life expectancy was also highest in the Archaic Period and lowest in the 
Middle Horizon, supporting the theoretical model for health deterioration 
with the adoption of agriculture (Alfonso et al., 2007; Cohen and Armelagos 
1984; Moreno et al., 1992). Yet, previously mentioned, sample size issues and 
use of small samples to represent hundreds of years of occupation requires 
health interpretations be made with caution from these studies.  
	
Importantly, the linear growth and cortical growth findings, attainment of 
Stage G/H by the mandibular canine, and prevalence of LEH all suggest that 
growth was not disturbed by the development, but rather the intensification 
of agriculture in northern Chile. These results indicate that behavioural 
changes necessary for the intensification of agriculture affected health. 
 
Conversely, findings for temporal increases in dental crown size suggest 
health improved across the agricultural transition. Causes of this increasing 
crown size in northern Chile may be related, as previously mentioned, to the 
introduction of genetic material by highland cultures (Rivera 1991; Sutter 
2000). For example, previous studies show that ~35 to 86% of crown size may 
be genetically controlled with permanent teeth under stricter regulation than 
their deciduous counterparts (Alvesalo and Tigerstedt 1974; Bowden and 
Goose 1979; Brooks et al., 2009; Demsey et al., 1995; Hanihara and Ishida 2005; 
Hughes et al., 2000; Pelsmaekers et al., 1997). Earlier research also shows there 
were no detectable discontinuities between these highland and coastal 
populations (Moraga et al., 2005; Sutter 2006; Rothhammer et al., 2002). Yet, 
subtle changes relating to ‘hidden heterogeneity’ with different genetics, 
affecting growth’s vulnerability threshold, for example, may be responsible 
for the increase in crown size, contradicting other indicators of growth quality, 
such as linear and cortical growth rate (Wood et al., 1992). The degree of 
regulation for each individual tooth, within and between populations may 
vary, however, affecting individual dimensions directly.  
 
Site representation across archaeological phases may also bear some 
responsibility for these results. Smaller crown size is linked to dietary protein 
intake, as tooth mineralisation requires the deposition of a protein matrix, that 
is subsequently mineralised (Larsen 1997: 44). Maize is deficient in some of 
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the proteins required for this matrix, such as lysine (Larsen 1997), so lessened 
protein and greater carbohydrate intake, would lead to the reduced 
deposition of this protein matrix and potentially, smaller crown sizes. In these 
coastal valleys of northern Chile, although there was continued reliance on 
marine resources, the higher marine dependency occurred at coastal, 
compared to valley sites (Rivera 2008; Watson et al., 2010; 2013). Interestingly, 
the Late Intermediate and Late Periods are represented by large coastal and 
smaller valley locations (Arriaza et al., 2014b; Cassman 1997; Schiappcasse et 
al., 1988). These disparities in sample size between the coastal and valley 
locations, and the high marine dietary component throughout this region over 
time may be behind the larger crown sizes in agriculturalists. Sample sizes 
were not large enough to make comparisons between coastal and valley sites 
within the periods.  
 
The prevalence of hypoplastic pitting and linear enamel hypoplasias were 
also investigated. These indicators are important because they cannot be 
remodelled, creating a permanent record of growth disturbances, while 
skeletal disturbances may be hidden by catch-up growth (Massler et al., 1941; 
King et al., 2005). However, the defects can be lost from the tooth due to wear 
and so some information is lost, particularly in this sample of individuals 
where dental wear was extensive. Small sample sizes for dental enamel 
defects were due to mummified tissues that adhered to teeth, obscuring views 
of the surface. The results for LEH from northern Chile suggest health 
deteriorated with agriculture, while it may have improved with agricultural 
intensification, supporting findings for some skeletal elements and crown 
sizes. Social practices with agricultural intensification may have led to these 
health improvements (Zakrzewski 2003). The findings are compatible with 
results from Egypt (Zakrzewski 2003) and Great Britain (Roberts and Cox 
2007). Conversely, as suggested by the osteological paradox, the greater 
prevalence of LEH in these later periods suggests better health, as individuals 
were able to survive higher instances of physiological stress (DeWitte and 
Stojanowski 2015; Wood et al., 1992). These findings would then be consistent 
with improved health across the agricultural transition before decreasing in 
later phases of agricultural intensification. No palaeodemographic studies are 
available for the Late Intermediate and Late Periods. For the Archaic, 
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Formative, and Middle Horizon phases, research suggests that health was 
better in the Archaic Period because of higher fertility and greater life 
expectancy findings. ‘Hidden heterogeneity,’ and factors affecting growth 
sensitivity to the environmental may have changed with migration of 
highland cultures to valleys from the Middle Horizon onwards. Site 
representation during the later archaeological phases may also play a role in 
these health findings.  
 
7.2 Ecology and Technological Advancements in Northern Chile and 
Human Health 
The growth findings for this thesis generally suggest there were no significant 
health changes with the development and intensification of agriculture in the 
coastal valleys of northern Chile. As previously discussed in Section 6.1, these 
findings may be because of small sample sizes and age-related distribution of 
observations for elements. Additionally, the combination of environmental 
and technological factors that impacted on health remained constant over 
time, including arsenic exposure, proximity to abundant marine resources, 
and metallurgy (Arriaza et al 2005; Arriaza 2005; Arriaza et al., 2010a; Bartkus 
et al., 2011; Bundschuh et al., 2011; Farell et al., 2013). Agriculture in northern 
Chile may have also been expressed very differently to other regions in the 
world, in conjunction with local resources, and the quality of environmental 
conditions for agriculture, which may have had a substantial impact on 
human health. For example, in Ancient Egypt, studies indicate that 
agricultural development was key as it led to greater food availability and 
was linked to improvements in the linear growth of these populations, 
despite linear enamel hypoplasias indicating higher levels of stress (Starling 
and Stock 2007; Zakrezewski 2003). In the coastal valleys of northern Chile, 
there are a number of theories for the development of agriculture, including 
the greater presence of highland populations at the coast because ENSO 
activity caused droughts in the highlands, forcing these populations to 
migrate in search of food. Increasing ENSO activity is also linked to 
dwindling marine resources along the coast that would have forced local 
populations to look for other means of subsistence, such as agriculture 
(Arriaza 1995a, b). Importantly, these marine resources were still available 
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and eaten all year round to supplement the agriculture based diet (Holden 
and Nunez 1993). This continued marine dependence may have been because 
the poor soil quality discussed in Chapter Two and the arsenic contaminated 
water resulted in low maize yields (Arriaza et al 2005; Arriaza 2005; Arriaza et 
al., 2010a; Bartkus et al., 2011; Bundschuh et al., 2011; Farell et al., 2013; Strasser 
and Schlunneger 2005). This continue dependence on marine resources by 
local populations may have been key to the stable health findings seen. 
 
Current literature from northern Chile shows that cultural practices of these 
early populations do not generally fit the predictions of the theoretical model 
and so may also be responsible for health findings (Arriaza 1995a; b; Standen 
and Arriaza 2014; Standen et al., 1995). For example, archaeological evidence 
suggests the Chinchorro were a semi-sedentary, rather than completely 
nomadic, culture (Arriaza 1995a; b). This lifestyle for the Chinchorro meant 
that sedentism-related health problems, such as poor sanitation and the easier 
spread of disease, were present before agricultural development in northern 
Chile. Another important difference that potentially influenced health in 
northern Chile relates to the development of metallurgy practices. Metallurgy, 
widely practiced in other regions of the world to develop tools for agriculture, 
was only practiced in South America to develop jewellery for ceremonial and 
funerary rites (Mendoza 2016). In Ancient Egypt, for example, gold, silver, 
lead, and copper were used from as early as ca. 5,100 years BP (DeYoung 
2014). During this time, the ore of these various metals was mined using iron 
pickaxes to dig deep trenches and such tools would have been available for 
agriculture (DeYoung 2014). In North America, evidence of the earliest copper 
culture is located along the shores of Lake Superior and dates between ca. 
5,000 to 3,000 years BP (DeYoung 2014). Evidence from sites during this period 
indicate significant early metallurgy practices, such as cold hammering, 
hammer welding, and production of socketed metal tools, conical points, 
knives, axes, chisels, etc., that would have been incredibly beneficial to the 
intensification of agriculture in the region (Mendoza 2016). Metallurgy 
practices during the Late Period did occur in northern Chile to the south of 
the Camarones Valley. Despite being included into the Incan Empire, these 
valleys were not involved in the mining of metals in the south. The metals 
were used to develop intricate artworks, medical, and agricultural tools by 
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the Incans were later smelted by the Early colonists (Mendoza 2016). The 
populations in the valleys did not have any such tools for agriculture, as those 
developed in North America, and so were at more of a disadvantage so 
agriculture is not as likely to have been developed on the same scale as 
agriculture in other regions of the world. This may, in conjunction with poor 
environmental conditions, have led populations to continue a strong maritime 
subsistence, leading to stable health with agriculture.  
 
7.3 Growth Vulnerability and Health in Bioarchaeology 
Rising numbers of growth studies over the last decade reflect an appreciation 
of the value of growth to understanding health (Halcrow and Tayles 2008). 
Yet, a rapidly expanding body of research also shows that growth does not 
always respond as expected (Klaus 2015; Piperata et al., 2014; Reitsema and 
Mcllvaine 2014; Temple and Goodman 2014). For example, bioarchaeologists 
report instances of non-linear relationships between stress indicator 
prevalence stress indicator prevalence and environmental quality (Ribot and 
Roberts 1996). Factors, including hidden heterogeneity and epigenetic 
mechanisms, affect survival rates through influences on physiological 
response thresholds (Wood et al., 1992). These aspects of the health response 
to environmental conditions have not been incorporated into the updated 
versions of the physiological stress model (Goodman et al., 1984a; 1988; 
Goodman and Armelagos 1989). This is because the knowledge of how these 
different mechanisms affect health are still unknown. Yet, Gowland (2015) in 
her paper entitled, “Entangled lives: Implications of the developmental origins of 
health and disease hypothesis for bioarchaeology and life course,” has already begun 
to propose how these epigenetic influences may be incorporated into 
interpretations of health in bioarchaeology as health quality is known to have 
a heredity component. However, there is still much to be done in epigenetic 
research before strong interpretations of epigenetic-related findings will be 
successful in bioarchaeology. As far as this thesis is concerned, Gowland’s 
paper presents a promise for deeper insight into the health findings in the 
north of Chile. This would make for greater discussion in future of health- 
related changes when reviewed with environmental and social factors.  
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 7.3.1 Representativeness of Past Health 
Wood and colleagues (1992) suggest that infants in skeletal collections exhibit 
more fragile health than their older counterparts because they were unable to 
survive earlier health issues. This shorter period of survival may have also 
prevented infants from developing certain types of health indicators, such as 
bony lesions (Wood et al., 1992). Infants are also more vulnerable to caregiver 
violence, birth trauma and infanticide that would not necessarily show as a 
“poor health issue.” Conversely, older individuals have a greater prevalence 
of these lesions because they have had the time to develop (Wood et al., 1992). 
Although these lesions suggest poorer health in older individuals, they may 
actually be indicators of improved health as the individual has survived long 
enough for them to form. These potential heath biases are further 
compounded in skeletal samples of immature remains, as larger numbers 
represent the younger age categories. The issues with health representation 
are not necessarily true for growth disturbances.  
 
Indicators of poor health, such as linear and cortical growth, may already 
have been negatively impacted by intra-uterine conditions. For example, 
findings from this thesis show that birth size was smaller in the Archaic 
Period compared to the later phases, suggesting growth was disturbed in 
utero (Bogin et al., 2002). In later biological age categories, periods of improved 
environmental quality enable catch-up growth to occur, potentially obscuring 
evidence of earlier growth disturbances (Bogin et al., 2002). However, there 
are aspects of growth, including dental crown size and asymmetry, that 
capture a record of early conditions (Bailit et al., 1970; Swaddle et al., 1994; 
Townsend and Brown 1980). Therefore, it is important to encompass various 
aspects of growth quality in a study, as has been done in this thesis, to gain a 
comprehensive overview of growth quality.  
 
 7.3.2. Unidentifiable Biological Factors that Affect Growth 
Bioarchaeologists are aware that biological factors, such as hidden 
heterogeneity and epigenetic mechanisms, affect an individual’s ability to 
respond to changing environmental conditions, and thus, health (DeWitte and 
Stojanowski 2015; Weinhold 2006; Wood et al., 1992). However, little is known 
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about these factors preventing them from being directly incorporated into the 
physiological stress model (Goodman et al., 1984; 1988; Goodman and 
Armelagos 1989) or into interpretations of health. There are some aspects of 
heterogeneity that have been identified, such as sex, which affect health. For 
example, males are generally more susceptible to poor conditions because 
they contain a single X-chromosome, making them less adaptable through 
epigenetic means to surrounding conditions (Carter and Marshall 1978; 
Frisancho et al., 1970; Holland 2013; Power et al., 1997; Smith et al., 1976). 
Different aspects of growth, such as linear growth, also occur at different rates 
across the biological age categories, influenced by increasing sexual 
dimorphism (Bogin 1988). Unfortunately, because sex-assessment from 
immature skeletal remains is highly unreliable, it is not usually carried out 
(Lewis 2007), preventing nuances in growth disturbances between sub-groups 
from being detected.  
 
These issues mean that some of the information about growth disturbances 
may be overlooked, although growth studies remain useful to investigations 
of health.  
 
 7.3.3 Limitations of Traditional Analytical Techniques 
Growth studies in bioarchaeology largely focus on linear growth, leading to a 
‘traditional’ approach where dental development is assessed for age and 
skeletal development as a proxy for environmental conditions using linear 
regression analysis (Armelagos et al., 1969; Auerbach and Ruff 2006; DeLeon 
2007; Geber 2014; Jantz and Owsley 1984). This method is favoured amongst 
bioarchaeologists because it involves a simple linear relationship between 
dental and skeletal growth (Statistical Solutions 2013). The major challenge to 
this approach is that it does require high numbers of infants, children, and 
adolescents, so differences in sample sizes and distribution can affect the 
slope of the lines of ‘best fit’ and thus, health findings. Problems generally 
arise with the low representation of adolescence, related to ‘selective 
mortality’ (Wood et al., 1992). In this thesis, low sample sizes may be 
responsible for the significant differences in post-natal linear growth rate of 
the fibula, ulna, and femur between the archaeological phases. So, while this 
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approach is valuable to analyses of health, careful interpretations of findings 
within the context of sample size and distribution is necessary. 
  
Another disadvantage of creating a longitudinal growth profile from cross-
sectional data is that it does not accurately represent potential growth 
disturbances that a single individual would face over time. A number of 
expectations are also placed on the cross –sectional data when using it to 
create longitudinal growth profiles: that there are no significant growth 
patterns between groups, environmental conditions were similar for all of the 
individuals being used to create the profile, and that individuals in the 
skeletal sample were growing at the same rate. This is not always the case, as 
no two individuals grow at the same rate. Those in the younger age categories 
may also be older in the temporal sense, so they may have been subject to 
different environmental stressors, or simply later populations may have had 
new genetic makeup introduced, influencing the interpretation of findings. 
These limitations are typical of growth studies from skeletal samples, and 
should be considered when interpreting health findings and their causes. 
Future growth research would benefit from considerations of new ways to 
investigate growth disturbances in the past to mitigate some of the issues 
surrounding sample sizes.  
 
Despite these limitations, growth research contributes important information 
to investigations of health in bioarchaeology, evidenced from the increasing 
numbers of growth studies (Halcrow et al., 2008).   
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 7.3.4 Limitations of Age Estimation Methods for Past Populations 
As discussed in Chapter Three, the application of age estimation techniques 
created on modern populations and applied to ancient samples creates 
challenges for growth studies in bioarchaeology. These challenges include 
inherent biases in the techniques, assumptions about growth patterns that 
research on modern populations do not support (Malina 2004; Roche 1979), 
and inherent issues with individual techniques (Liversidge 1994; Phillips and 
van Wyk Kotze 2009). For this section, Moorrees et al.’s (1963a; b) technique 
will be discussed. Application of Moorrees et al.’s (1963a; b) technique for this 
thesis highlighted an additional issue when applying modern techniques to 
ancient samples: age estimations also correspond to availability and type of 
dentition representing each individual.  
For example, T-22 from the LLuta-54 site in the Gentilar culture (Late 
Intermediate) is represented by the right mandibular deciduous canine (83), 
first right mandibular premolar (44), second right mandibular deciduous 
molar (85), and the first permanent mandibular molar (46; see Table 7.1 
below). When all of the dentition representing the individual is present, the 
final age is 4.75 years (highest average mean age indicating furtherest 
biological development occurred) (Moorrees et al., 1963a; b; Harris and Buck 
2002; Lewis and Senn 2013). Yet, if only one of these teeth is present, as was 
the case for a number of individuals in this skeletal sample, the final mean age 
could have been as low as 2.40 years for the second mandibular deciduous 
molar, or 2.65 years for the first mandibular permanent molar, if averages of 
the ages for the sexes are used (see Table 7.1 below). Consequently, this 
method could be introducing lower ages for individuals that are not 
represented by the majority of their teeth and may have unknown effects on 
health findings for this thesis. A single tooth represents few individuals in 
this collection, and so it is unlikely that such issues significantly affected the 
collective health findings. However, caution is necessary for future use of this 
technique in bioarchaeology when there is low representation of numerous 
individuals by their teeth.  
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Table 7.1: The teeth of T-22 (Lluta-54), stage of mineralisation progress, and female, male, and average 
ages obtained for each tooth, as well as the final mean age representing the individual.  










83 R1 4.70±0.52 4.80±0.55 4.75 
4.75 44 Cr ¾ 4.20±0.49 4.40±0.52 4.30 85 A ½ 2.40±0.28 2.40±0.28 2.40 
46 R1 2.60±0.32 2.70±0.34 2.65 
 
*83 is the right mandibular deciduous canine, 85 is the right mandibular second deciduous molar, 44 is 
the first right mandibular premolar, and 46 is the first right mandibular molar.  
 
7.4 Limitations and Future Directions 
As previously discussed in Section 6.1, there are limitations to growth studies 
in bioarchaeology (DeWitte and Stojanowski 2015; Lewis 2007; Wood et al., 
1992). Research for this thesis has been limited by the nature of the skeletal 
sample and a discussion of how this research could be improved on is 
worthwhile. This is because this particular, highly marginalised environment 
is valuable for the testing of this theoretical model for health deterioration 
with the development of agriculture.  
 
Sample sizes need to be increased to represent earlier archaeological phases in 
the Camarones and Lluta Valleys, so differences between these environments 
could be investigated for health change. The Museo Chileno de Arte 
Precolombino and Museo Nacional de Historia Natural in Santiago house 
individuals from coastal and inland sites from these valleys (Stehberg 2016: 
personal communication). It would also be valuable to incorporate more 
adolescents from the Azapa Valley sample, using radiographs of elements 
covered in soft tissues. An x-ray machine for this thesis was considered but 
quickly rejected because of the logistical challenges causing severe time 
constraints.  
 
It would also be useful to compare the health of survivors versus non-
survivors in terms of percentage of overall height obtained or prevalence of 
stress indicators. This could be done by incorporating adults into the analysis 
to represent the health or final growth outcome of individuals that potentially 
survived periods of stress that the immature individuals did not. This step 
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would involve adding an additional 10 observations per archaeological phase, 
representing each valley (n=50) to the skeletal sample (N=150). Again, this is a 
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Chapter 8: Conclusions 
 
As previously discussed, the findings for this thesis generally show a lack of 
change in health over time, which may be a unique characteristic of the 
natural environment and socioeconomic development in the region. For 
example, the semi-sedentary lifestyle of the Chinchorro hunter-gathering 
culture exposed these early individuals to sedentism-related health risks prior 
to the development of agriculture, including poor sanitation, the easy spread 
of disease, exposure to high levels of arsenic in the water, and the fluctuating 
intensity of ENSO activity affecting local terrestrial and marine resources 
(Arriaza 1995a, b; Arriaza et al., 2010; Standen et al., 1995, 2014). Previous 
studies of growth and agriculture at different sites in Peru (prevalence of 
enamel hypoplasias) and Mexico (crown asymmetry) have shown that health 
was stable and consistent with agriculture (Benfer 1984; 1990; Hodges 1987). 
For example, Benfer (1984; 1990) reports that health was sustained/improved 
with the development of agriculture at the coastal village of Paloma in 
southern Peru, theorised to be related to a continued marine dependence 
(Benfer 1984). These findings are suggested to be the result of the increased 
marine dietary component due to over-exploitation of local terrestrial 
resources in southern Peru (Benfer 1984). There is also a maintained marine 
dietary component in these costal valleys of northern Chile, as evidenced in 
archaeobotanical findings (Rivera 2008; Watson et al., 2010; 2013).  
 
Earlier studies of the agricultural transition do not often discuss crop yield 
and quality, which is necessary as this can influence the actions of local 
populations, and the requirement of continuing to exploit local resources. For 
example, high levels of heavy metals in the fresh water and boron in the soil 
led to the low maize yields in the valleys of northern Chile (Strasser and 
Schlunegger 2005). Trade of Andean resources with highland populations 
from the Middle Period onwards, may have included maize from the valleys, 
leaving little available for local populations (Augustyniak 2004; Brownman 
1978; Hastorf 2008; Rivera 1991; Sutter 2000; 2006). This exchange and the 
poor quality of maize may have been responsible for the continued maritime 
reliance in the valleys, although these populations exhibit poorer oral health 
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(Alfonso et al., 2007; Watson et al., 2010; 2013) associated with the greater 
consumption of carbohydrates, growth quality did not exhibit unanimous 
increased disturbances. Current literature also suggests that metallurgy 
practices in northern Chile were significantly different from those in other 
places, such as Egypt. For example, metallurgy practices by the Incans, during 
the height of their influence was for the development of medicinal and ritual 
tools (Mendoza 2016). There was also a reference to agricultural tools being 
developed but there is no evidence of these tools reaching the coastal valleys 
in northern Chile. In combination with the arsenic-contaminated water and 
high boron levels in the soil (Strasser and Schlunegger 2005), it is likely that 
the lack of farming tools significantly disadvantaged these local population in 
their development and intensification of agriculture. As a consequence, 
agriculture was likely not practiced on the same scale, supplemented by 
marine resources, and the outcome was a stable impact on health through the 
maintained marine dietary component.  
 
Dental enamel defect prevalence indicates that periods of physiological stress, 
were not as predominant in this skeletal sample from northern Chile as were 
expected, given the extreme, arid environmental conditions these populations 
were living in. Some individuals in the sample only displayed one or two 
defects, and others exhibited no defects. One hypothesis for this low rate of 
enamel defect formation is that epigenetic modifications enabling populations 
to adapt to the extreme conditions may have had side effects such as higher 
thresholds of growth sensitivity by the ameloblasts preventing them from 
responding to these poor conditions. It is also possible that individuals did 
not survive long enough for the defects to manifest indicating poorer health 
(Wood et al., 1992). There are changes in rate of dental enamel defect 
formation, with higher rates in the Archaic Period compared to the later 
phases, except the Middle Horizon. This higher rate in the Middle Horizon 
may be related to migration of highland populations and the subsequent 
physiological stress of un-adapted populations. Other findings for crown size, 
asymmetry, bone length and cortical thickness asymmetry do not support the 
theoretical model. However, it is possible that migration and introduction of 
new genetic material affected growth in these valleys. It is also probable that 
higher representation of coastal sites during the Late Intermediate and Late 
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Periods, compared to the Formative, and Middle Horizon influenced these 
findings.  
 
The theoretical model predicts that health deteriorated with agriculture 
(Cohen and Armelagos 1984), although in these coastal valleys of northern 
Chile, findings do not collectively support this prediction for deteriorated 
health, instead showing relatively steady health. There are some significant 
differences, including the post-natal linear growth of the ulna, tibia, and 
fibula, but these may also possibly be explained by sample size and 
distribution. Statistically significant differences in general crown size, 
particularly of deciduous dentition, contradict the bioarchaeological model. 
These findings may also be attributed to epigenetic factors, or new genetic 
material introduced through migration. Generally, these findings highlight 
the complex nature of the relationship between growth and agriculture, that 
the theoretical model has oversimplified.  
 
Many of the limitations in this thesis are age-old problems in bioarchaeology 
related to studies of pre-historic immature remains. These issues include the 
inability to assess sex, inherent biases of applying ageing techniques 
developed on modern individuals to ancient samples, and general issues 
involving representativeness of past health by skeletal samples (osteological 
paradox; DeWitte and Stojanowski 2015; Wood et al., 1992). These 
complications do not have solutions so researchers can only acknowledge 
their potential effects on health findings. Small samples sizes and 
representation of past populations in the region are also an issue. For 
example, the majority of the skeletal sample is taken from sites in the Azapa 
Valley, with two sites from the later phases representing populations from the 
Camarones Valley over one hundred miles away and a single site 
representing the neighbouring Lluta Valley. The configuration of this sample 
limits representativeness of the wider region of coastal northern Chile, and of 
the three valleys studied as the major focus is the Azapa Valley. Inclusion of 
additional individuals from the museums in Santiago, use of radiographs to 
incorporate adolescent individuals covered in soft tissues at the Museo San 
Miguel de Azapa, and the incorporation of a mature sample to allow for 
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survivor versus non-survivor comparisons are suggestions for further 
development of this research.  
 
Despite limitations of this thesis, the research makes a significant contribution 
to the field of bioarchaeology, particularly to further development of the ADT 
and physiological stress models. Further development of this research and 
removal of some of the limitations would also prove useful in greater 
understanding of agriculture and health in northern Chile, particularly within 
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Appendix A: Inventory of Skeletal and Dental Material Available for Examination 
 
Appendix A1: The table shows the inventory of the skeletal elements that were available for this project*: 
 
ID R.H.* L.H.* R.R.* L.R.* R.U.* L.U.* R.F.* L.F.* R.T.* L.T.* R.FI. * L.FI. * R.C.* L.C.* Trunk 
T-19 P A I A I A A A A A A A P P P 
T17 C5 A I A A A A A A A A A A P P A 
T-24 A A A A A A A A P P P P A A A 
T17 C4 A P A A P A P P P P P P A A A 
T17 C3 P P I A P P A P P P P A P P P 
T-4A P P P P P P P P P A P A P A P 
T-56 A A A A A A A A A P A P A A A 
T-2 A P A A A A A A A A A A A P A 
T-6 A P P P P P P P P P A A P P A 
98 1/2 A A A A A A A P A A A A A A A 
105 0 3/3 A A P A A A P P P P P A A A A 
T-8 A P P P P P P A P P P P P P A 
T-11 p P A P P A A A A A P A P P A 
T-116A p P P A P P P P P P A P A P A 
T-165 p P P A P P P A P P P P P P A 
T4-17 A P A P P P P A P P A P A A A 
T-328 I A A P A A A A A A A A P A I 
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C-01 P P P P P P P P P P P P A P P 
T-67 P P P I P P A P A A A A A P A 
T-81 A A A A A A A A A A A A P P A 
T-114 E4 A A A A A A A P A A A A P P A 
T-A I I P P P P A P I I P P A A I 
T-3 A A A A A A P A P A A A A A A 
T-6 A P P P P P P P P P P P A P A 
T-10 I I I I I I I I A A I A A A I 
T-13 I I A I A P I P I P A P A P I 
T-16 I I I A I I I I I I I I P P I 
T-23 I I A A A A A I I I A A A A I 
T-27 I I I P I P A A A A P P P A I 
T-2 I A I I I I A A I P I P P P I 
T-3 I I I A I I I P A P A A P A I 
T-5A I I P P A P I P I I P A P P I 
T2 C1 P A P A A A P A A A A A A A P 
T2 C2 A P A A A P A P P A P A A P A 
T-5B A A A A A A A I P P P P A A A 
T27 C6 A A A A A A P P P A A A A A A 
T-35B P A P P P P P A P P P P A P A 
T-46A A A A A A A P A P A A A A A A 
T-56A A A A A I A A A A A A A P P A 
CH-17 A A A A A A P A P P I P A P A 
T-U2 I I I A I I A A P A A I A P I 
T-322 A A A A A A A A A A A P A A A 
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T-300 I I A A A A A I I I A A A A I 
T-20C P P A A A A P P P P A A A A P 
T-106 A A A A A A P P A P P P A A A 
T-Bd A P A P A P A A A A A A A A A 
5 N/F P A A P A P A A A A A A A A P 
T-9A P A A A A P A A P A A A A A P 
T-16 P A P P P A A A P P P P P A A 
T-29 A A A P A P A A P P P P A A A 
T-119 A A P P A A P P P P P P A A A 
T-41A A P P A P P P A P P A A P P A 
T67 Y 5/1 A A A P P P A A P P P P P P A 
T-68 P P P P P P P P P P A A P P A 
T-80 P A A A P P P A A A A A A A A 
T-77 A A A A A A P P P P P P P P A 
T-89 A A A A A P A A P A P A P A A 
T-84 A A A P A P A P P P P P A P A 
T154 Y 
1/2 A P P A P P P P P P P I P P A 
T-151 P P A P P P P P P P P A A P P 
T125 Z 
2/3 P P P P A P P P P P A A A A A 
T115 R 
1/3 A P A P A A P A P P P A P P A 
T-9 A P A A A A A P P P P A A A A 
T13 RN1 P P A A A A P P A A A A A A P 
T-14 I P P I A A P P P P P P P P I 
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T-15 P A P A A A A P P P P P P A P 
T-24A A A P A P A P P A A A A A A A 
T-24B A P P I P A A P A P P P A A A 
T-26 P A A P P P A A A A A A A A P 
T-29 I I I I I A I I I I P A P P I 
T-40 P A A A A P P P A A A A A P P 
T-31 A A P A A A P A P P I A P P A 
T-42B P A A A A A P P A A A A A P A 
T-59 P A A A P A P P P A P A P A A 
T-60 P A P P P A A A A A A A A P P 
T-65B A I I P P A P A A P A A I P A 
T-72 A A P A A A P P P P P P A A A 
T-74 A I P I I I P P I P P A A P A 
T-87 A A A A A A A A A A A A P A A 
T-88 P A P A P A A A A A A A NR A A 
T-90 A A A A A A P P A P A P P P A 
T-76 A P P P A P P P A P P P P P A 
T-94 A A A A I A P A P P A I A A A 
T-96 A A A A A P P P A P P A A P A 
T-103 A A P A P A P A A A A A A A A 
T-109 P P P P P P P P A P P P P A P 
T-102 A A A A A A P P A P P P A P A 
T-114 P P P A A A A A A A A A A A A 
T-115 A P P P A A P P P P P A A A A 
T-121 P P P P P P P P P P P P A A P 
Appendix A: Inventory of Skeletal and Dental Material  
	
 
Gail E. Elliott  
 
328 
T37 C2 P A P A P A A A A P A P A A P 
T-130 P A P P P P A P P I P P P A P 
T-119 A A A A P A A A A A A A A A A 
T-127 A A A A P A P A A A A A A A A 
T-127B P A P P P P P P P P P P P P P 
T-XPB2B P A A A P A A P P A A A A A P 
T-131A A P A A P A P A A A A A A A A 
T-131B A A A P A P A P A P A P A A A 
T-XPB3 I I A P A I A P P I P P A P I 
T-Sup-2 P P P P P P P P P P P P P P P 
T-Sup-1 P P P P P P P P P P P P P P P 
T-8 A A A A A A P A P A I A A A A 
T-48 A A P A A A P A A A A A A A A 
T-49 P A P A A A P P P I P P P P P 
T-105 A A A A A A A A P A P P A A A 
T-280 A P A P A P A A A A A A P P A 
T-69B P P A P P P P A P P P P P P P 
T-150A A A P A A A A P A P A A A A A 
T-222 A A A A A A P A P A A A A A A 
T-230 A A A A A A P P P P A A A A A 
T-232 A A A A A A P P P P P P A A A 
T-246 A P A A A A A A P A A P A P A 
T-277 P P A A P P P A P A A A A A P 
T-256B A A P A A A A A P A A A A A A 
T-285 A A A A A A A A A P A P A A A 
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T-336 A A A A A A A A P P A A P A A 
T-343A A A A A A A A A A P P P A A A 
T-606B A A A A A A P A A A A A A A A 
T-504 A A A A A A P P A A A P A A A 
T-N1 A A A A A A P A P A A A A A A 
T-604 A A A A A A A A P A A A A A A 
T-AA A A A A A A A A P A P A A P A 
T-126 A A A P A A P P P P P P P P A 
T-25 A A A A A A P P P P P P P P A 
T-3 A A A P A A A A A P A A A P A 
T-8 A P P P P P P A P P A A A A A 
T-12 P P P P P P A P A A P A P P A 
T-13 P P A A A P P P P I P A A A P 
T-21 P P P A P A P A A P A P A A A 
T28 A3 P P A A A A P A P A A P A A A 
T-27 P P P A P A P P A A A A P P P 
T-35 A A A A A A P A A A A P A A A 
T-38 A P A A A A P A A A P A P A A 
T-34 A A A A A A A A A A A A P P A 
T-41 A A A A P A P P P A A A A A A 
Desc-08 A P P A P A P P P P P P A A A 
T-14 P P P P P P P P P P P P P P A 
T-105 P P I A I A P A A A A P P A P 
T-L38 A I P I P P P P P P A P A A A 
T-Y3 P P P P P P P P P P I P P P A 
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T-Y10 P P A P A P A P P P A A A P A 
T-Y5 P P P P P P P P P P P P P P A 
T-Y6 P P A A A P P P P P A P A A P 
T-Y8 A P A A A A P A P P P A P A A 
T-Beta P P A P P A P P A A A P P P A 
T-10 A P A A A A P P P P P A A A A 
T-A A A A A A A P A P P P P P P A 
T-33 P I P I P A P P P P P P P P A 
C1 cosino A A P P I A I P I I P I A A A 
T-20 I I I I I A I A I I I I P P I 
T-22 I A P A A P P P P P P P P P I 
T-27 I P P P P P P A P P A A P P I 
T-4 P P I P P A A P A P P P A A A 
T-9 A P A P A A A P A A A A A P A 
T-10 P P P P P P P P A A A A P P P 
T-21 A A A A A A A P A A A A A A A 
T-20 A A A A A A P P P P P I A P A 
T-23 A A A A A A A A P P P P A A A 
T28 C2 P P P P P P P P P P A P P P P 
T52 B4 A P A A A P P P P A P P P P A 
T-27 A I I A A A P P P P P P P P A 
T-34 P P I A P P P P I A P P P P P 
T-38 I I I A A A A A A A I A A A I 
T-43 P P P A A P A P P P P P P P A 
T53 B4 P A A A A A P P A P P P P A A 
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T-B4 P P A A A A P P P P P P P P P 
T56 B4 I A I A A A P P P P P P A A I 
T-49 A A A A A A P P P A P A P A A 
T-5 P P A P P A P P A A A P A A P 
T7 Cuad 
E6 A P A A A A P P A A A A P A A 
T-18 P P P A P P P P P P P P P P A 
T15 G5 A P P A P A A A P A P A P P A 
T26 G5 P P P P A P P P P P P P P P A 
T-29 I P I I I I A I A A A A P P I 
T29A G4 P A P A P A P P P A P A P P A 
T-27 P A A I A I P A A A I P A A P 
T-15 P A P A P A A I P A A P P P A 
T-17A P P P P P P P P P P P A A A P 
T-18 P P P P P P P P P P P P P P A 
T-19 A A P A P A A P P A P P A A A 
 
 
**Where R.H.= right humerus, L.H. = left humerus, R.R.= right radius, L.R.= left radius, R.U.= right ulna, L.U.= left ulna, R.F.= right femur, 
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Appendix A2: The table shows the inventory of the posterior permanent maxillary dentition that were available for this project*: 
 
ID Time Period 13 14 15 16 17 18 23 24 25 26 27 28 
T-17 C5 A A A A A A A A A A A A A 
T-24 A A A A A A A A A A A A A 
T-17 C4 A A A A P P A A A A P A A 
T-28 C12 A A A A P A A A A A P A A 
T-17 C3 A A A A A A A A A A A A A 
T-4A F A A A A A A A A A A A A 
T-56 F A A A A A A A A A A A A 
T-2 F A A A P A A A A A A A A 
T-6 F A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
98 (1/2)  MH A A A A A A A A A A A A 
T-105 0 3/3 MH A A A A A A A A A A A A 
T-4 C3 MH A P P P P A P P P P A A 
T-8 MH A A A A A A A A A A A A 
T-11 LI A A A A A A A A A A A A 
T-4 F A A A P I A A A A P A A 
Cr 7A  F A A A I P A A A A I P A 
T-141 F A A A P A A A A A P A A 
T-305A F A A A A A A A A A A A A 
Cr 651 F A A A P A A A A A P A A 
T-18 F A A P P P A P P P I P A 
T1 C7  F A A A A P A A A A P A A 
T-13 F A A A P A A A A A P A A 
T7 C4B F A A A P A A A A A A A A 
T-116A F A A A P A A A A A I A A 
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T-165 F A A A A A A A A A A A A 
T4-17 F A A A I A A A A A P A A 
T7 C5 F A A A A A A A A A A A A 
T-328 F P P P I P A P P P I A A 
C-01 F A A A A A A A A A A A A 
T-6A F A A A P P A A P A P P A 
T-67 F A A A A A A A A A A A A 
T-81 F A A A P A A A A A P A A 
T-114 E4 F A P A P P A A A A P P A 
TA F A A A P A A A A A P A A 
T-3 F A A A A A A A A A A A A 
T-6 F A A A P A A A A A P A A 
T-9 F A A A A A A A A A A A A 
T-10  F A A A P A A A A A P A A 
T-13 F A A A A A A A A A P A A 
T-16 F A A A A A A A A A A A A 
T-22 F A A A A A A A A A A A A 
T-23 F A A A A A A A A A A A A 
T-27 F A A A P A A A A A P A A 
T-2 F A A A A A A A A A A A A 
T-3 F A A A A A A A A A A A A 
T-5A F A A A A A A A A A A A A 
Mueso C5 F A A A P A A A A A P A A 
Cr-13 F A A A P A A A A A P A A 
Cr-4 F A A A P A A A A A P A A 
T2 C1 A A A A A A A A A A A A A 
T2 C2 A A A A A A A A A A A A A 
T2 C4 A A A P A P A A A P A P A 
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T-5B A A A A A A A A A A A A A 
T-13A A A A A A A A A A A A A A 
T-13B A A A A A A A P A A P A A 
T27 C6 A A A A I A A A I A P A A 
T-35B A A A A A A A A A A A A A 
T-54 A A A A A I A A A A A A A 
T-46A A A A A A A A A A A A A A 
T-56A A A A A A A A A A A A A A 
CH-17 A P P A I P A A P A I P A 
T-U2 A A A A A A A A A A A A A 
T-41A F A A A A A A A A A A A A 
5/N1 F A A A A A A A A A A A A 
T-322 F A A A A A A A A A P A A 
T-300 F A A A A A A A A A A A A 
T-20C F A A A A A A A A A A A A 
T-106 F A A A A A A A A A A A A 
T-Bd F A A A A A A A A A A A A 
5/ NF F A A A A A A A A A A A A 
T-2 F A A A A A A A A A A A A 
T-1 F A A A A A A A A A A A A 
T-9A MH A A A A A A A A A A A A 
T-9B MH A A A A A A A A A A A A 
T-16 MH A A A A A A A A A A A A 
T-29 MH A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
T-119 F A A A A A A A A A A A A 
T-41 MH A A A P P A A A A A P A 
T-41A MH A A A A A A A A A A A A 
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T-121 S4/1 MH A A A A A A A A A A A A 
T67 Y 5/1 MH A A A A A A A A A A A A 
T-68 MH A A A A A A A A A A A A 
T-80 MH A A A A A A A A A A A A 
T-77 MH A A A P A A A A A P A A 
T-89 MH A A A A A A A A A A A A 
T97 05/1 MH A A A P A A A A A P A A 
T-84 MH A A A A A A A A A A A A 
T-98 MH A A A A A A A A A A A A 
T154 Y1/2 MH A A A A A A A A A A A A 
T-151 MH A A A A A A A A A A A A 
T125 Z2/3 MH A A A A A A A A A A A A 
T100 O5/2 MH A A A P A A A A A P P A 
T115 R1/3 MH A A A A A A A A A A A A 
T-9 MH A A A A A A A A A A A A 
T-13 RN 1 MH A A A A A A A A A A A A 
T-14 MH A I I I I A A I A I P A 
T-15 MH A A A A A A A A A A A A 
T-24A MH A A A A A A A A A A A A 
T-24B MH P P A P A A P P P P A A 
T-26 MH A A A A A A A A A A A A 
T-29 MH A P P P A A A P P P P A 
T-40 MH A A A A A A A A A A A A 
T-31 MH A A A A A A A A A A A A 
T-35B MH A A A A A A A A A A A A 
T-42B MH A A A A A A A A A A A A 
T-43 MH A A A A A A A A A A A A 
T-59 MH A A A A A A A A A A A A 
Appendix A: Inventory of Skeletal and Dental Material  
	
 
Gail E. Elliott  
 
336 
T-60 MH A A A A A A A A A A A A 
T-65B MH A A A A A A A A A A A A 
T-95 MH A A A A A A A A A A A A 
T-72 MH A A A A A A A A A A A A 
T-74 MH I P P I P A I P P I P A 
T-87 MH A A A A A A A A A A A A 
T-88 MH A A A A A A A A A A A A 
T-90 MH A A A P A A A A A P A A 
T-76 MH A A P I P A A P I I P A 
T-94 MH A A A A A A A A P A A A 
T-96 MH A A A P A A A A P P A A 
T-103 MH A A A A A A A A P A A A 
T-109 MH A A A P A A A P P P A A 
T-102 MH A A A P A A A A P P A A 
T-114 MH A A A A A A A A P A A A 
T-115 MH A A A A A A A A P A A A 
T-121 MH A A A A A A A A P A A A 
T-37 C2 A A A A A A A A A P A A A 
T-23 C2 A A A A A A A A A P A A A 
T-130 MH A A A A A A A A P A A A 
T-119 MH A A A A A A A A P A A A 
T-127 MH A P P I P A A P P P P A 
T-127B MH A A A A A A A A A A A A 
T-XPB2B MH A A A A A A A A A A A A 
T-131B MH A A A A A A A A A A A A 
T-XPB3 MH P I I I I A P p I I P A 
T-Sup-2 MH A A A A A A A A A A A A 
T-Sup-1 MH A P P P P A P P P P P A 
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T-8 MH A A A A A A A A A A A A 
T-26 MH A A A P A A A A A P A A 
T-17A MH A A A P A A A A A P A A 
T-48 MH A A A A A A A A A A A A 
T-49 MH A A A A A A A A A A A A 
T-77 MH A A A A A A A A A A A A 
T-105 MH A A P P P A P P P P P A 
T-280 MH A A A P A A A A A P A A 
T-162A MH A A A A A A A A A A A A 
T-162D MH A A A A A A A A A A A A 
T-69B MH A A A A A A A A A A A A 
T-150A MH A A A A A A A A A A A A 
T-419 MH A A A A A A A A A A A A 
T-497 MH A A A P A A A A A P A A 
T-222 MH P P A P A A P P A P A A 
T-230 MH P A A P A A P P A P A A 
T-232 MH P P P P P A P P P I P A 
T-246 MH A A A A A A A A A A A A 
T-271 MH A A A A A A A A A A A A 
T-277 MH A A A A A A A A A A A A 
T-256B MH A A A A A A A A A A A A 
T-285 MH A A A A A A A A A A A A 
T-336 MH A I A P P A A P A P P A 
T-343A MH A A A A A A A A A A A A 
T-606B MH A A A A A A A A A A A A 
T-504 MH A A A A A A A A A A A A 
T-N2 MH A A A A A A A A A A A A 
T-N1 MH A A A A A A A A A A A A 
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T-604 MH A A A A A A A A A A A A 
T-AA MH P P P P P A P P I P P A 
T-126 MH A P A P P A P A P P P A 
T-25 MH P P I P P A P I I P P A 
T-2 MH A A A A A A A A A A A A 
T-3 MH A A A A A A A A A A A A 
T4 C2 MH A A A P A A A A A P A A 
T4 C3 MH A P A P A A P P A P P A 
T-8 MH A A A P A A A A A I A A 
T-12 MH A A A A A A A A A A A A 
T-13 MH A A A P A A A A A P A A 
T-18 MH A A A A A A A A A A A A 
T-31 MH A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
T-28 A3 MH A A A A A A A A A A A A 
T-27 MH A A A P A A A A A P A A 
T-35 MH A A A A A A A A A A A A 
T-38 MH P A P P P A P P P I P A 
T-34 MH A A A P A A A A A P A A 
T-47A MH A A A A A A A A A A A A 
T-46A MH A A A P A A A A A P A A 
T-40 MH A A A A A A A A A A A A 
T-41 MH A A A A A A A A A A A A 
Desc-8 LI A A A A A A A A A A A A 
T-14 LI A A A A A A A A A A A A 
T-105  LI A A A A A A A A A A A A 
T-L38 LI A A A A A A A A A A A A 
T-Y3 LI A A A A A A A A A A A A 
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T-Y10 LI A A A A A A A A A A A A 
T-Y5 LI A A A A A A A A A A A A 
T-Y6 LI A A A A A A A A A A A A 
T-02 LI A A A A A A A A A A A A 
T-Beta LI A A A P A A P A A P A A 
S/N1 LI A A A A A A A A A A A A 
T-10 LI A A A A A A A A A A A A 
T-A LI A A A A A A A A A A A A 
T-33 LI A A A A A A A A A P A A 
C1 cosino LI P A A P A A P P A P A A 
C-4 LI A A A A A A A A A A A A 
T-17 LP A A A A A A A A A A A A 
C-02 LP A A A A A A A A A A A A 
T-20 LI I I P I A A A I I I P A 
T-22 LI A A A A A A A A A A A A 
T-27 LI A A A A A A A A A A A A 
T-4 LP A A A A A A A A A A A A 
T-9 LP A A A A A A A A A A A A 
T-10 LP A A P P P A A A A P P A 
T-21 LP A A A A A A A A A A A A 
T-22 LP A A A A A A A A A A A A 
T-23 LP A P P P P A P P P P P A 
T-28 C2 LP A A A A A A A A A A A A 
T-52 B4 LP A A A A A A A A A A A A 
T-27 LP A A A P A A A A A P P A 
T-32 C1 LP A A A A A A A A A A A A 
T-34 LP A A A A A A A A A A A A 
T-38 LP I I P P P A P P P P P A 
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T-43 LP A A A A A A A A A A A A 
T53 B4 LP A A A A A A A A A A A A 
T-B4 LP A A A P A A A A A P A A 
T-54 C1 LP A A A A A A A A A A A A 
T-56 B4 LP A A A P A A A A A I A A 
T-49 LP A A A P A A A A A P A A 
T-5 LI A A A A A A A A A A A A 
T-7 Cuad 
E.6 LI A A A A A A A A A A A A 
T-18 LI A A A A P A A A A A P A 
T-15 G5 LI A A A A A A A A A A A A 
T-26 G5 LI A A A A A A A A A A A A 
T-29 LI P P I P P A P P P P P A 
T-29A G4 LI A A A A A A A A A A A A 
T-27 LI P P P P P A P P A P P A 
T-154 Y1/2 MH A A A A A A A A A A A A 
T-15 F A A A A A A A A A A A A 
T-17A F A A A A A A A A A A A A 
T-18 F A A A A A A A A A A A A 
T-19 F A A A A A A A A A A A A 
 
 
13= right maxillary canine, 14= right maxillary first premolar, 15= right maxillary second premolar, 16= right maxillary first permanent molar, 17= right 
maxillary second permanent molar, 18= right maxillary third permanent molar. 
 
23= left maxillary permanent canine, 24= left maxillary first premolar, 25= left maxillary second premolar, 26= left maxillary first permanent molar, and 27= left 
maxillary second permanent molar, 28 =left maxillary third permanent molar. 
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Appendix A3: The table shows the inventory of the posterior permanent mandibular dentition that were available for this project*: 
 
ID Time Period 33 34 35 36 37 38 43 44 45 46 47 48 
T-17 C5 A A A A A A A A A A A A A 
T-24 A A A A A A A A A A A A A 
T-17 C4 A A A A P A A A A A P A A 
T-28 C12 A A A A A A A A A A A A A 
T-17 C3 A A A A A A A A A A A A A 
T-4A F A A A A A A A A A A A A 
T-56 F A A A A A A A A A A A A 
T-2 F A A A A A A A A A A A A 
T-6 F A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
98 (1/2)  MH A A A A A A A A A A A A 
T-105 0 3/3 MH A A A A A A A A A A A A 
T-4 C3 MH A A A A A A A P A P A A 
T-8 MH A A A A A A A A A P A A 
T-11 LI A A A A A A A A A A A A 
T-4 F A A A A A A A A A A A A 
Cr 7A  F A A A I P P A A A I P P 
T-141 F A A A A A A A A A A A A 
T-305A F A A A A A A A A A A A A 
Cr 651 F A A A A A A A A A A A A 
T-18 F P P P P P A P P P P P A 
T1 C7  F A A A A A A A A A P A A 
T-13 F A A A A A A A A A A A A 
T7 C4B F A A A I A A A A A A A A 
T-116A F A A A A A A A A A A A A 
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T-165 F A A A A A A A A A A A A 
T4-17 F A A A A A A A A A A A A 
T7 C5 F A A A A A A A A A A A A 
T-328 F A P P I P A P P P I I A 
C-01 F A A A A A A A A A A A A 
T-6A F A A A A A A A A A A A A 
T-67 F A A A A A A A A A A A A 
T-81 F A A A P A A A A A P A A 
T-114 E4 F A A A I P A A A A P P A 
TA F A A A P A A A A A P A A 
T-3 F A A A A A A A A A A A A 
T-6 F A A A P A A A A A P A A 
T-9 F A A A A A A A A A A A A 
T-10  F A A A A A A A A A A A A 
T-13 F A A A A A A A A A A A A 
T-16 F A A A A A A A A A A A A 
T-22 F A A A A A A A A A A A A 
T-23 F A A A A A A A A A A A A 
T-27 F A A A P A A A A A P A A 
T-2 F A A A A A A A A A A A A 
T-3 F A A A A A A A A A A A A 
T-5A F A A A A A A A A A A A A 
Mueso C5 F A A A P A A A A A A A A 
Cr-13 F A A A A A A A A A A A A 
Cr-4 F A A A A A A A A A A A A 
T2 C1 A A A A A A A A A A A A A 
T2 C2 A A A A A A A A A A A A A 
T2 C4 A A P A P P A A P P P A A 
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T-5B A A A A A A A A A A A A A 
T-13A A A A A A A A A A A A A A 
T-13B A A A A A A A A A A A A A 
T27 C6 A A P A A A A A P A A A A 
T-35B A A A A A A A A A A A A A 
T-54 A A A A A A A A A A A A A 
T-46A A A A A A A A A A A A A A 
T-56A A A A A A A A A A A A A A 
CH-17 A A A A A P A A A A P A A 
T-U2 A A A A A A A A A A A A A 
T-41A F A A A A A A A A A A A A 
5/N1 F A A A A A A A A A A A A 
T-322 F A A A A A A A A A A A A 
T-300 F A A A A A A A A A A A A 
T-20C F A A A A A A A A A A A A 
T-106 F A A A A A A A A A A A A 
T-Bd F A A A A A A A A A A A A 
5/ NF F A A A A A A A A A A A A 
T-2 F A A A A A A A A A A A A 
T-1 F A A A A A A A A A A A A 
T-9A MH A A A A A A A A A A A A 
T-9B MH A A A A A A A A A A A A 
T-16 MH A A A A A A A A A A A A 
T-29 MH A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
T-119 F A A A A A A A A A A A A 
T-41 MH A A A A A A A A A A A A 
T-41A MH A A A A A A A A A A A A 
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T-121 S4/1 MH A A A A A A A A A A A A 
T67 Y 5/1 MH A A A A A A A A A A A A 
T-68 MH A A A A A A A A A A A A 
T-80 MH A A A A A A A A A A A A 
T-77 MH A A A P A A A A A P A A 
T-89 MH A A A A A A A A A A A A 
T97 05/1 MH A A A A A A A A A A A A 
T-84 MH A A A A A A A A A A A A 
T-98 MH A A A A A A A A A A A A 
T154 Y1/2 MH A A A A A A A A A A A A 
T-151 MH A A A A A A A A A A A A 
T125 Z2/3 MH A A A A A A A A A A A A 
T100 O5/2 MH A A A A A A A A A A A A 
T115 R1/3 MH A A A A A A A A A A A A 
T-9 MH A A A A A A A A A A A A 
T-13 RN 1 MH A A A A A A A A A A A A 
T-14 MH I I I I P A I I I P P A 
T-15 MH A A A A A A A A A A A A 
T-24A MH A A A A A A A A A A A A 
T-24B MH P P A P A A A P A I I A 
T-26 MH A A A A A A A A A A A A 
T-29 MH A P P I I A A P P P I A 
T-40 MH A A A A A A A A A A A A 
T-31 MH A A A A A A A A A A A A 
T-35B MH A A A A A A A A A A A A 
T-42B MH A A A A A A A A A A A A 
T-43 MH A A A A A A A A A A A A 
T-59 MH A A A A A A A A A A A A 
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T-60 MH A A A A A A A A A A A A 
T-65B MH A A A A A A A A A A A A 
T-95 MH A A A A A A A A A A A A 
T-72 MH A A A P A A A A A P A A 
T-74 MH P P P I I A A P I I I A 
T-87 MH A A A A A A A A A A A A 
T-88 MH A A A A A A A A A A A A 
T-90 MH A A A P A A A A A P A A 
T-76 MH P I I P A A A I P I P A 
T-94 MH A A A A A A A A A A A A 
T-96 MH A A A P A A A A A P A A 
T-103 MH A A A A A A A A A A A A 
T-109 MH P P A P A A P P A P A A 
T-102 MH I P A P P A A A A P A A 
T-114 MH A A A A A A A A A P A A 
T-115 MH A A A A A A A A A A A A 
T-121 MH A A A A A A A A A A A A 
T-37 C2 A A A A A A A A A A A A A 
T-23 C2 A A A A A A A A A A A A A 
T-130 MH A A A A A A A A A A A A 
T-119 MH A A A A A A A A A A A A 
T-127 MH A P P I P A A A P I P A 
T-127B MH A A A A A A A A A A A A 
T-XPB2B MH A A A A A A A A A A A A 
T-131B MH A A A A A A A A A A A A 
T-XPB3 MH P I I I I A P P I I I A 
T-Sup-2 MH A A A A A A A A A A A A 
T-Sup-1 MH A A P A P A P P P I P A 
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T-8 MH A A A A A A A A A A A A 
T-26 MH A A A A A A A A A A A A 
T-17A MH A A A P A A A A A P A A 
T-48 MH A A A A A A A A A A A A 
T-49 MH A A A A A A A A A A A A 
T-77 MH A A A A A A A A A A A A 
T-105 MH A P I A P A A P P P P A 
T-280 MH A A A P A A A A A P A A 
T-162A MH A A A A A A A A A A A A 
T-162D MH A A A P A A A A A P A A 
T-69B MH A A A P A A A A A P A A 
T-150A MH A A A A A A A A A A A A 
T-419 MH A A A A A A A A A A A A 
T-497 MH A A A A A A A A A A A A 
T-222 MH A A A A A A A A A A A A 
T-230 MH A P A P A A A P A P A A 
T-232 MH P P I I I A P I P P P A 
T-246 MH A A A A A A A A A A A A 
T-271 MH A A A A A A A A A A A A 
T-277 MH A A A A A A A A A A A A 
T-256B MH A A A A A A A A A A A A 
T-285 MH A A A A A A A A A A A A 
T-336 MH P P P P P A P P P P P A 
T-343A MH A A A A A A A A A A A A 
T-606B MH A A A A A A A A A A A A 
T-504 MH A A A A A A A A A A A A 
T-N2 MH A A A A A A A A A A A A 
T-N1 MH A A A A A A A A A A A A 
Appendix A: Inventory of Skeletal and Dental Material  
	
 
Gail E. Elliott  
 
347 
T-604 MH A A A A A A A A A A A A 
T-AA MH P P P I P A P P P P P A 
T-126 MH P P A I A A A A A P P A 
T-25 MH P P I I I A I P P P P A 
T-2 MH A A A A A A A A A A A A 
T-3 MH A A A A A A A A A A A A 
T4 C2 MH A A A A A A A A A A A A 
T4 C3 MH A A A A A A A A A P A A 
T-8 MH A A A P A A A A A I A A 
T-12 MH A A A A A A A A A A A A 
T-13 MH A A A P A A A A A P A A 
T-18 MH A A A A A A A A A A A A 
T-31 MH A A A A A A A A A A A A 
T-21 MH A A A A A A A A A A A A 
T-28 A3 MH A A A A A A A A A A A A 
T-27 MH A A A A A A A A A P A A 
T-35 MH A A A A A A A A A A A A 
T-38 MH P P P I P A P P P P P A 
T-34 MH A A A A A A A A A P A A 
T-47A MH A A A A A A A A A A A A 
T-46A MH A A A A A A A A A A A A 
T-40 MH A A A A A A A A A A A A 
T-41 MH A A A A A A A A A A A A 
Desc-8 LI A A A A A A A A A A A A 
T-14 LI A A A A A A A A A A A A 
T-105  LI A A A A A A A A A A A A 
T-L38 LI A A A A A A A A A A A A 
T-Y3 LI A A A A A A A A A A A A 
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T-Y10 LI A A A A A A A A A A A A 
T-Y5 LI A A A A A A A A A A A A 
T-Y6 LI A A A A A A A A A A A A 
T-02 LI A A A A A A A A A A A A 
T-Beta LI A A A P A A A A A P A A 
S/N1 LI A A A A A A A A A A A A 
T-10 LI A A A A A A A A A A A A 
T-A LI A A A A A A A A A A A A 
T-33 LI A A A A A A A A A A A A 
C1 cosino LI A A A P A A A A A P A A 
C-4 LI A A A A A A A P A A A A 
T-17 LP A A A A A A A P A A A A 
C-02 LP A A A A A A A P A A A A 
T-20 LI I I I P P A A I P I P A 
T-22 LI A A A A A A A A A A A A 
T-27 LI A A A A A A A A A A A A 
T-4 LP A A A A A A A A A A A A 
T-9 LP A A A A A A A A A A A A 
T-10 LP A P P P P A A P P P P A 
T-21 LP A A A A A A A A A A A A 
T-22 LP A A A A A A A A A A A A 
T-23 LP P P P P P A A P P P P A 
T-28 C2 LP A A A A A A A A A A A A 
T-52 B4 LP A A A A A A A A A A A A 
T-27 LP A A A P A A A A A P A A 
T-32 C1 LP A A A A A A A A A A A A 
T-34 LP A A A A A A A A A A A A 
T-38 LP A I I I I A A A I I A P 
Appendix A: Inventory of Skeletal and Dental Material  
	
 
Gail E. Elliott  
 
349 
T-43 LP A A A A A A A A A A A A 
T53 B4 LP A A A A A A A A A A A A 
T-B4 LP A A A A A A A A A P A A 
T-54 C1 LP A A A A A A A A A A A A 
T-56 B4 LP A A A A A A A A A P A A 
T-49 LP A A A P A A A A A I A A 
T-5 LI A A A A A A A A A A A A 
T-7 Cuad 
E.6 LI A A A A A A A A A A A A 
T-18 LI A A A A A A A A A A A A 
T-15 G5 LI A A A A A A A A A A A A 
T-26 G5 LI A A A A A A A A A A A A 
T-29 LI P I P P P A P P P P I A 
T-29A G4 LI A A A A A A A A A A A A 
T-27 LI P P P I P A P P P P P A 
T-154 Y1/2 MH A A A A A A A A A A A A 
T-15 F A A A A A A A A A A A A 
T-17A F A A A A A A A A A A A A 
T-18 F A A A A A A A A A A A A 
T-19 F A A A A A A A A A A A A 
 
33= left mandibular canine, 34= left mandibular first premolar, 35= left mandibular second premolar, 36= left mandibular first permanent molar, 37= left 
mandibular second permanent molar, 38= left mandibular third permanent molar. 
 
43= right mandibular permanent canine, 44= right mandibular first premolar, 45= right mandibular second premolar, 46= right mandibular first permanent molar, 
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Appendix A4: The table shows the inventory of the posterior deciduous maxillary and mandibular dentition that were available for this project*: 
 
ID Time Period 53 54 55 63 64 65 73 74 75 83 84 85 
T-17 C5 A I P A P P A A A A A A A 
T-24 A P P P A P A P P P P P P 
T-17 C4 A P P P A A A A A P P P P 
T-28 C12 A A P P P A P A A A P P P 
T-17 C3 A P P P P P P P P P P A P 
T-4A F P P A P P A P P P P A A 
T-56 F P P P P P P P A P P P P 
T-2 F A P A A P P A P P P A P 
T-6 F P P P P P P P A P P P P 
T-21 MH A P P A P P P P P A A P 
98 (1/2)  MH A A P A P P A P P A P P 
T-105 0 3/3 MH A P P A A P A A A A A A 
T-4 C3 MH A A A A A P A A A A A A 
T-8 MH P P P A A P A A P P P A 
T-11 LI P P P A A P A A A A A A 
T-4 F A A A A I P A A A A A A 
Cr 7A  F A A A A A A A A A A A A 
T-141 F A A A A A A A A A A A A 
T-305A F A P P A A P A A A A A A 
Cr 651 F A I P A A I A A A A A A 
T-18 F A A A A A A A A A A A A 
T1 C7  F A A A A A A A I I A I I 
T-13 F P P P A P P A A A A A A 
T7 C4B F A I I A A P A A I A I P 
T-116A F P P A P P A A P A A A A 
Appendix A: Inventory of Skeletal and Dental Material  
	
 
Gail E. Elliott  
 
351 
T-165 F A P P P P P I P P I P P 
T4-17 F A P A A A P A A P A A P 
T7 C5 F P P P A I P P I P A P P 
T-328 F A A A A A A A A A A A A 
C-01 F A P P A P P A P P A P P 
T-6A F A A A A A A A A A A A A 
T-67 F A P P P P P A P P A P P 
T-81 F A I P A A P A A P A P P 
T-114 E4 F A A A A A A A A I A A I 
TA F A I I A A I A A I A I I 
T-3 F A P A P P A P P A P P A 
T-6 F A A A A A A I I A I I I 
T-9 F A A A A A A A A A A A A 
T-10  F A I I A I P A I I A A I 
T-13 F A A I A I A A A A A A A 
T-16 F A P P A P P P P P A P P 
T-22 F A P P P P P P P P A P P 
T-23 F A A A A A A A A A A A A 
T-27 F A A P A I I I I I I A I 
T-2 F A P P I P P I P P I P P 
T-3 F A P A P P A P P P P P P 
T-5A F A A A A A A A A A A A A 
Mueso C5 F A I I A I P A P I A I I 
Cr-13 F I I P A I P A A A A A A 
Cr-4 F A A A A I P A A A A A A 
T2 C1 A A A A A A A A A A A A A 
T2 C2 A P P P P P P P P P I P P 
T2 C4 A A A A A A A A A A A A A 
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T-5B A A A A A A A A P P A A A 
T-13A A A I A A A A A A A A A A 
T-13B A A A I A I A A A A A I A 
T27 C6 A A A A A A A A A A A A A 
T-35B A A A A A A A A A A A A A 
T-54 A A A I A A A A A A A A A 
T-46A A A A A A A A A A A A A A 
T-56A A A I A A A A A I A A I A 
CH-17 A A A A A A A A I I A I I 
T-U2 A A A A A A A A A A A A A 
T-41A F A A P A A P A A A A A A 
5/N1 F P A P A P I A A A A A A 
T-322 F A P A A A A A A A A A A 
T-300 F A A A A A A A A A A A A 
T-20C F A A A A A A A A A A A A 
T-106 F A A A A A A A A A A A A 
T-Bd F A P A A P A A A A A A A 
5/ NF F A A A A A A A A A A A A 
T-2 F A A A P I A P A A P A A 
T-1 F A A A A P A A A A A A A 
T-9A MH A A A A I A A P A A A A 
T-9B MH A A A A P A A A A A A A 
T-16 MH A P A A P A A I A A I A 
T-29 MH P P P A P P I P P P P P 
T-21 MH A P P A P P I P P A A P 
T-119 F A A A A A A A A A A A A 
T-41 MH A A A A A A A A A A A A 
T-41A MH A A A A A A A A A A A A 
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T-121 S4/1 MH A P A P P A A P A A P A 
T67 Y 5/1 MH A A A A A A A A A A A A 
T-68 MH A P P A P A A P A A P A 
T-80 MH A A A A A A A A A A A A 
T-77 MH A A I A A I A I I A I I 
T-89 MH A A A A A A A A A A A A 
T97 05/1 MH A A A A A I A A A A A A 
T-84 MH A A A A A A A A A A A A 
T-98 MH A P A A P P A P P A P P 
T154 Y1/2 MH A A A A A A A A A A A A 
T-151 MH P P P P P P P P P P P P 
T125 Z2/3 MH I I P I I P I I P I P P 
T100 O5/2 MH A A A A A A A A A A A A 
T115 R1/3 MH A I A A I A A A A P A A 
T-9 MH A A A A A A A A A A A A 
T-13 RN 1 MH A A A A A A A A A A A A 
T-14 MH A A A A A A A A A A A A 
T-15 MH A P A P P A P P A P P A 
T-24A MH A A A A A A A A A A A A 
T-24B MH A A A A A A A A I A A I 
T-26 MH P P A A P A A P A A P A 
T-29 MH A A A A A A A A A A A A 
T-40 MH A P A A P A P P A P P A 
T-31 MH P P P P P A I P P P P A 
T-35B MH A A A A A A A P P A P P 
T-42B MH A A A A A A A A A A A A 
T-43 MH A A A A A A A P P A P A 
T-59 MH A A A A A A A A A A A A 
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T-60 MH I I P I I P I P P I P P 
T-65B MH A I A A I A I I I A I I 
T-95 MH A P A A A A A A A A A A 
T-72 MH A A A A A A A I I A I I 
T-74 MH A A A A A A A A A A A A 
T-87 MH A I A NR I A A I A A A A 
T-88 MH I P P I P P P P P P P P 
T-90 MH I I A I P I A P I I I I 
T-76 MH A A A A A A A A A A A A 
T-94 MH P P P A I P P I P I I I 
T-96 MH A I I A I I A I P A I I 
T-103 MH A A A A A A A A A A A A 
T-109 MH A A I A A I A A I A A I 
T-102 MH A I I A I I A A I A I I 
T-114 MH A I I A I I A I I A I I 
T-115 MH P P P P P P P P P P P P 
T-121 MH P P P P P P P P P P P P 
T-37 C2 A P P A A P A A P A I A A 
T-23 C2 A A I A A I A A A A A A A 
T-130 MH A I A A A A A A A A A A 
T-119 MH A A A A A A A A A A A A 
T-127 MH A A A A A A A A A A A A 
T-127B MH A I I A I I A A I A I I 
T-XPB2B MH A A A A A A A A A A A A 
T-131B MH A P P P P P P P P P P P 
T-XPB3 MH A A A A A A A A I A A A 
T-Sup-2 MH A I P I A P I I P I I P 
T-Sup-1 MH A A A A A A A A A A A A 
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T-8 MH A A A A NR A A A A A A A 
T-26 MH A A A A A A A A A A A A 
T-17A MH I I P I I I I I I A I I 
T-48 MH A A A A A A A A A A A A 
T-49 MH A P P A P P P P P P P P 
T-77 MH A A A A A A A A A A A A 
T-105 MH A A A A A A A A A A A A 
T-280 MH I I I I I I A I I I I I 
T-162A MH A A A A A A A P A A P A 
T-162D MH A A A A A A A A A A A A 
T-69B MH A I P A I I I I I I A I 
T-150A MH A P P I P P P P P I P P 
T-419 MH A I P A I P A A A A A A 
T-497 MH A I I A I I A A A A A A 
T-222 MH A A I A A I A A A A A A 
T-230 MH A A A A A A A A I A A A 
T-232 MH A A A A A A A A A A A A 
T-246 MH A P A P P A P P A P P I 
T-271 MH A A A A A A A P A A I A 
T-277 MH A A A A A A A A A A A A 
T-256B MH A A A A A A A A A A A A 
T-285 MH A A A A A A A A A A A A 
T-336 MH A A A A A A A A A A A A 
T-343A MH A P A A P A A A A A A A 
T-606B MH A I P A I P A P A A P A 
T-504 MH I I P I I P I P P P P P 
T-N2 MH A A A A A A A A A A A A 
T-N1 MH A A A A A A P A A P P A 
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T-604 MH P I P P P P P A P P P P 
T-AA MH A A A A A A A A A A A A 
T-126 MH A A A A A A A A A A A A 
T-25 MH A A A A A A A A A A A A 
T-2 MH A A A P P I A A A A A A 
T-3 MH A A A A A A A A A A A A 
T4 C2 MH A A I A A P A A A A A A 
T4 C3 MH A A I A A A A A A A A A 
T-8 MH I I P A A P A A P I I I 
T-12 MH P P A A A A P P A P A A 
T-13 MH I I I A A A A A A A I I 
T-18 MH I P P I P P P P P P P P 
T-31 MH P P A P I A P P A P P A 
T-21 MH A A A A A A A A A A A A 
T-28 A3 MH A P A A P A A A A P A A 
T-27 MH A A I A A A A A A A A I 
T-35 MH A A A A A A A A A A A A 
T-38 MH A A A A A A A A A A A A 
T-34 MH A I I A A I A I I A I I 
T-47A MH A A A A A A A A A A A A 
T-46A MH A A I A A A A A A A A A 
T-40 MH A A A A P A A A A A A A 
T-41 MH A A A A A A A A A A A A 
Desc-8 LI P P A P P A P P A A P P 
T-14 LI P P P P P P P P A P P I 
T-105  LI A P A A P A P A A P A A 
T-L38 LI A P A A P A A A A A A A 
T-Y3 LI A A A A A A A A A A A A 
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T-Y10 LI P P A A A A A P A A A A 
T-Y5 LI A A A A A A A A A A A A 
T-Y6 LI A A A A I A A A A A P A 
T-02 LI P P A P P A P P A P P A 
T-Beta LI A I P A A P A A I A A I 
S/N1 LI A A A A A A A A A A A A 
T-10 LI A P A A I A A P A A P A 
T-A LI A A A A A A A A A A A A 
T-33 LI A P P P P P A P P A P P 
C1 cosino LI A A A A A A A A A A A A 
C-4 LI A A A A P A A P A A P A 
T-17 LP A A P A A A A A A A A A 
C-02 LP A I A A A A A A A A A A 
T-20 LI A A A A A A A A A A A A 
T-22 LI I P P A I P I P P A P P 
T-27 LI P A A A A A A A A A A A 
T-4 LP I I P I I P I P P A P P 
T-9 LP I A P I P P I P I I P P 
T-10 LP A A A A A A A A A A A A 
T-21 LP A A A P P A A A A A A A 
T-22 LP P P A A I A A A A P P A 
T-23 LP A A A A A A A A A A A A 
T-28 C2 LP A A A A A A A A A A A A 
T-52 B4 LP A A A A A A A A A A A A 
T-27 LP A A I A A A A A I I A A 
T-32 C1 LP A I A A A A A A A A I A 
T-34 LP A A A A A A A A A A A A 
T-38 LP A A A A A A A A A A A A 
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T-43 LP A A A A A A A A A A A A 
T53 B4 LP I A P A I P I P P I P P 
T-B4 LP A I I A A P A I I A A I 
T-54 C1 LP A P P A I P A P P A A P 
T-56 B4 LP A I I A I I A I I A I I 
T-49 LP I I I A I I A I P A I I 
T-5 LI A P A A P A A P A A P A 
T-7 Cuad 
E.6 LI A P A A A A A A A A A A 
T-18 LI A A A A A A A A A A A A 
T-15 G5 LI A A P A A P A A P P P P 
T-26 G5 LI A I P P I I P P P P P P 
T-29 LI A A A A A A A A A A A A 
T-29A G4 LI P P P A P P I P P A P P 
T-27 LI A A A A A A A A A A A A 
T-154 Y1/2 MH A A A A A A A A A A A A 
T-15 F A A A A A A A A A A A A 
T-17A F A A A A A A A A A A A A 
T-18 F A A A A A A A A A A A A 
T-19 F A A A A A A A A A A A A 
 
 
53= right maxillary canine, 54= right maxillary first molar, 55= right maxillary second molar, 63= left maxillary canine, 64= left maxillary first molar, 65= left 
maxillary second molar, 73= left mandibular canine, 74= left mandibular molar, 75= left mandibular second molar, 83= right mandibular canine, 84= right 
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Appendix B: Radiocarbon Dates for the Sites 
The dates located below are summarised from different research papers and many of these do not take the marine reservoir into 
consideration. Therefore, the estimations given could be hundreds of years over or under in their accuracy so are described as 
rough estimations of occupation dates.  
 
Appendix B: The archaeological phase, culture, site, sample number, type of sample, age estimation using radiocarbon dating, whether the age estimations were calibrated, 
the final age estimation for the site, and the reference for the research paper that the information was retrieved from.  
Archaeology 
Phase Culture Site 
Sample 
Number Type of Sample 








for Site (C14 
Age) (BP) 
References 
Archaic  Chinchorro Morro-1 I-13650 Human Muscle 4,350±280 B.C. U 6,350±280  
Allison et al. (1984) Archaic Chinchorro Morro-1 I-11431 Camelid Fur 5,860±180 B.C. U 7,860±180 Archaic Chinchorro Morro-1 I-13541 Human Muscle 4,200±100 B.C. U 6,200±100 
Archaic Chinchorro Morro-1 I-13543 Wood 4,040±105 B.C. U 6,040±105 
Archaic Chinchorro Morro-1 DRI-3451 Reeds 4,174±86 B.C. U 6,174±86 
Arriaza et al. (2005) 
Archaic Chinchorro Morro-1 I-13543 Wood 4,040±105 B.C. U 6,040±105 
Archaic Chinchorro Morro-1 DRI-3389 Wool, Hair, Muscle 4,093±81 B.C. U 6,093±81 
Archaic Chinchorro Morro-1 DRI-3450 Veg Matrix 5,414±58 B.C. U 7,414±58 
Archaic Chinchorro Morro-1 GX-17019 Human Liver 4,120±75 B.C. U 6,120±75 Guillen (1992) 
Archaic Chinchorro Morro-1  6,477±280  
Archaic Chinchorro Morro1-6 GX-18269 Human Tissue 4,310±145 B.C. U 6,310±145 
Focacci and Chacon 
(1989) Archaic Chinchorro Morro 1-6 GX-18261 
Human 
Cartilage 1,800±140 B.C. U 3,800±140 
Archaic Chinchorro Morro 1-6 GX-18263 Human Liver 2,060±75 B.C. U 4,060±75 
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Archaic Chinchorro Morro 1-6 GX-18259 Human Muscle 3,880±70 B.C. U 5,880±70 
Archaic Chinchorro Morro 1-6 GX-18260 Human Liver 2,360±145 B.C. U 4,360±145 
Archaic  Chinchorro Morro 1-6  4,882±145  
Formative Quiani Quiani-7 GAK-5814 Wood 3,590±100 B.C. U 5,590±100 Rivera (1997) 
Formative Quiani Quiani-7 I-13654 Unknown 3,280±100 B.C. U 5,280±100 Grosjean et al. 
(1997) 
 Formative Quiani Quiani-7 I-13654 Unknown 3,240±60 B.C. U 5,240±60 
Formative Quiani Quiani-7 QUI-T-13 Human 3,098±22 B.C. C 5,098±22 Diaz-Zorita Bonilla et al. (2016) 
Formative Quiani Quiani-7 GAK-5814 Wood 3,590±100 B.C. U 5,490-5,690  Rivera (1977) 
Formative Quiani Quiani-7 I-12654 Unspecified 3,280±100 B.C. U 5,180-5,380  Grosjean et al. 
(1997) Formative Quiani Quiani-7 I-13655 Unspecified 3,240±100 B.C. U 5,140-5,340  
Formative Quiani Quiani-7  5,415±275  
Formative El Laucho PLM-7 12816-5 Human 2,153±22 BP C 2,153±22  
Diaz-Zorita Bonilla 
et al. (2016) 
Formative El Laucho PLM-7 S/N 10 Human 2,113±22 BP C 2,113±22  
Formative El Laucho PLM-7 T-81-1 Human 1,658±22 BP C 1,658±22  
Formative El Laucho PLM-7 Cr5-2 Human 2,235±22 BP C 2,235±22  
Formative El Laucho PLM-7 T-306 Human 2,220±30 BP C 2,220±30  
Formative El Laucho PLM-7 T-119-3 Human 3,880±30 BP C 3,880±30  
Formative El Laucho PLM-7 T-309-2 Human 2,040±22 BP C 2,040±22  
Formative El Laucho PLM-7     2,328±30  
Formative Azapa AZ-71 B-78963 Textile  A.D.490±60  U 1,510±60 
Cassman (1997) 
 
Formative Azapa AZ-71 B-78953 Textile  A.D.650±60  U 1,350±60 
Formative Azapa AZ-71 B-78960 Textile  A.D. 660±70  U 1,340±70 
Formative Azapa AZ-71 B-78955 Textile  A.D.670±50 U 1,330±70 
Formative Azapa AZ-71 B-78952 Textile  A.D. 800±70  U 1,200±70 
Formative Azapa AZ-71 B-80634 Textile  A.D. 810±70  U 1,190±70 
Formative Azapa AZ-71 B-78959 Textile A.D. 820±40  U 1,180±40 
Formative Azapa AZ-71 B-77223 Textile A.D. 830±50  U 1,170±50 
Formative Azapa AZ-71 B-78954 Textile A.D. 850±40  U 1,150±40 
Formative Azapa AZ-71 B-78961 Textile A.D. 850±60  U 1,150±60 
Formative Azapa AZ-71  1,257±70 
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Formative Azapa AZ-14 NR NR NR NR 875±125 Sutter (2006) 
 
 
Formative Azapa AZ-115 NR NR NR NR 2,125±875 
Formative Azapa AZ-70 NR NR NR NR 2,440±100 




Formative Azapa AZ-75 GX-18255 Human Tissue NR NR 1570±220 
Formative Azapa AZ-75 GX-18254 Human Tissue NR NR 2005±220 
Formative Azapa AZ-75D NR NR NR NR 1,9405±590 
Formative Azapa AZ-75E NR NR NR NR 1,9405±590 
M. Horizon Cabuza AZ-6 NR NR NR NR 815±155 Korpisaari et al. (2014) 
M. Horizon Cabuza AZ-141 NR NR NR NR 833±123 Korpisaari et al. (2014) 
M. Horizon Maytas AZ-140 NR NR NR NR 925.5±90.5  Sutter (2005) 
 M. Horizon Cabuza AZ-71 NR NR NR NR 1,257±70 
M. Horizon Maytas AZ-76 NR NR NR NR 1,500-800* Sutter (2006) 
 M. Horizon  Maytas AZ-75 NR NR NR NR 1,500-800* 
L. Intermed. Gentilar AZ-8 NR NR NR NR 968-602* Cassman (1997) 
 L. Intermed. Gentilar AZ-141 NR NR NR NR 785±183 
L. Intermed. San Miguel PLM-4 NR NR NR NR 150±150 Arriaza et al. (2014b) 
L. Intermed. Gentilar Lluta-54 NR NR NR NR 968-602* Cassman 1997 
 L. Intermed. Gentilar Cam-8 NR NR NR NR 968-602* 
Late Period Inca AZ-15 NR NR NR NR 580-550 Schiappacasse et al. 
(1988) 
 Late Period Inca Cam-9 NR NR NR NR 565±15 
 
*Dates for AZ-76, AZ-8, Lluta-54, AZ-15, and Camarones-8 are not provided because it does not appear that radiocarbon dating has been published for these 
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Appendix C: Graphs for Statistical Analyses 
 
This appendix contains the figures from the analyses of linear growth for the 
upper and lower limb bones. The analyses show two fitted curved lines for 
the growth data representing each archaeological phase. The red line is the 
curved fitted line and the green line is the straight fitted line.  
 
Figure AB.1: The graph shows the relationship between humerus length data (mm) and the fit of 
curved lines (green) and straight lines (red) to data for the different archaeological phases. 
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Figure AB.2: The graph shows the relationship between ulna length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
 
 
Figure AB.3: The graph shows the relationship between radius length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
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Figure AB.4: The graph shows the relationship between clavicle length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
 
 
Figure AB.5: The graph shows the relationship between femur length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
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Figure AB.6: The graph shows the relationship between tibia length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
 
 
Figure AB.7: The graph shows the relationship between fibula length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the different archaeological phases. 
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Figure AB.8: The graph shows the relationship between humerus length data (mm) and the fit of 
curved lines (green) and straight lines (red) to data for the groups. 
 
 
Figure AB.9: The graph shows the relationship between ulna length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the groups. 
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Figure AB.10: The graph shows the relationship between radius length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the groups. 
 
 
Figure AB.11: The graph shows the relationship between clavicle length data (mm) and the fit of 
curved lines (green) and straight lines (red) to data for the groups. 
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Figure AB.12: The graph shows the relationship between femur length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the groups. 
 
 
Figure AB.13: The graph shows the relationship between tibia length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the groups. 
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Figure AB.14: The graph shows the relationship between fibula length data (mm) and the fit of curved 
lines (green) and straight lines (red) to data for the groups. 
 
 
Figure AB.15: The graph shows the relationship between humerus MMSDW average data (mm) and 
the fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
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Figure AB.16: The graph shows the relationship between ulna MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
	
Figure AB.17: The graph shows the relationship between radius MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
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Figure AB.18: The graph shows the relationship between clavicle MMSDW average data (mm) and 
the fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
 
Figure AB.19: The graph shows the relationship between femur MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
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Figure AB.20: The graph shows the relationship between tibia MMSDW average data (mm) and the fit 
of curved lines (green) and straight lines (red) to data for the archaeological phases. 
 
Figure AB.21: The graph shows the relationship between fibula MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the archaeological phases. 
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Figure AB.22: The graph shows the relationship between humerus MMSDW average data (mm) and 
the fit of curved lines (green) and straight lines (red) to data for the groups. 
	
Figure AB.23: The graph shows the relationship between ulna MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the groups. 
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Figure AB.24: The graph shows the relationship between radius MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the groups. 
 
Figure AB.25: The graph shows the relationship between clavicle MMSDW average data (mm) and 
the fit of curved lines (green) and straight lines (red) to data for the groups. 
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Figure AB.26: The graph shows the relationship between femur MMSDW average data (mm) and the 
fit of curved lines (green) and straight lines (red) to data for the groups. 
 
Figure AB.27: The graph shows the relationship between tibia MMSDW average data (mm) and the fit 
of curved lines (green) and straight lines (red) to data for the groups. 
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Figure AB.28: The graph shows the relationship between fibula MMSDW average data (mm) and the 
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Appendix D: Tables for Statistical Analyses 
 
This appendix contains the tables from the analyses of skeletal and dental elements 
in Chapter Six.  
 
Table AC.01:	Linear Regression and Testparm results for the intercepts and slopes of straight and curved lines 
representing long bone growth for each archaeological period.  
Long Bone 
Length No. Of Obs. 
Linear 
Regression 
Testparm Results  
(Prob<F) 
R-Squared 
Value Intercept Slope 
Straight Regression Line 
Humerus 105 0.896 0.417 0.593 
Radius 101 0.918 0.422 0.232 
Ulna 98 0.877 0.095 0.021 
Clavicle 102 0.898 0.468 0.593 
Femur 131 0.904 0.963 0.923 
Tibia 127 0.919 0.437 0.002 
Fibula 110 0.904 0.148 0.001 
Curved Regression Line 
Humerus 105 0.907 . 0.216 
Radius 101 0.918 . 0.129 
Ulna 98 0.896 . <0.001 
Clavicle 102 0.886 . <0.001 
Femur 131 0.918 . 0.175 
Tibia 127 0.918 . <0.001 
Fibula 110 0.928 . 0.009 
 
Linear regression analyses show that there is a significant relationship between dental age and bone length. 
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Table AC.02: Intercepts and slopes for straight (left) and curved (right) lines representing the humerus, radius, ulna, and clavicle linear bone growth for the archaeological 
phases.  
Element Arch. Phase 
No. Of 
Obs. 
Straight Regression Line No. Of 
Obs. 
Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Humerus 
Arch. 10 65.6 [51.1-80.1] <0.001 16.8 [11.7-22.0] <0.001 10 3.1 [1.7-4.5] <0.001 
Form. 15 76.7 [65.1-88.3] 0.238 -4.5 [-10.6-1.5] 0.142 15 -2.1 [-4--0.7] 0.004 
Mid H. 48 78.7 [71.7-85.7] 0.110 -4.4 [-9.7-0.9] 0.105 48 -2.3 [-4--0.9] 0.002 
L. Int. 21 83.1 [72.9-93.4] 0.053 -4.4 [-10.0-1.1] 0.113 21 -2.2 [-4--0.8] 0.003 
Late P. 11 78.0 [63.1-92.9] 0.239 -4.4 [-10.0-1.1] 0.116 11 -2.4 [-4--1.0] 0.001 
Radius 
Archaic 6 54.6 [42.0-67.2] <0.001 11.0 [5.0-17.1] <0.001 6 2.0 [0.3-3.8] <0.001 
Formative 19 62.6 [54.9-70.4] 0.285 -1.0 [-7.2-5.3] 0.760 19 -1.3 [-3.1-0.5] 0.155 
Mid H. 49 62.7 [57.3-68.1] 0.247 -1.3 [-7.4-4.7] 0.661 49 -1.4 [-3.2-0.3] 0.109 
L. Int. 19 69.1 [60.7-77.5] 0.061 -3.2 [-9.4-3.0] 0.304 19 -1.5 [-3.3-0.3] 0.092 
Late P. 8 61.4 [48.5-74.2] 0.459 -1.9 [-8.1-4.3] 0.548 8 -1.5 [-3.3-0.3] 0.095 
Ulna 
Archaic 8 61.7 [49.0-74.4] <0.001 12.4 [8.4 -16.5] <0.001 8 2.3 [1.1-3.5] <0.001 
Formative 17 73.4 [64.8-81.9] 0.134 -2.3 [-7.0-2.3] 0.315 17 -1.5 [-3--0.3] 0.011 
Mid H. 48 68.8 [63.5-74.0] 0.312 -1.5 [-5.6-2.7] 0.489 48 -1.5 [-3--0.3] 0.012 
L. Int. 19 80.2 [71.5-88.8] 0.019 -4.8 [-9.3--0.3] 0.038 19 -1.7 [-3--0.5] 0.005 
Late P. 6 66.2 [53.7-78.7] 0.617 -3.9 [-8.6-0.8] 0.101 6 -1.7 [-3--0.4] 0.008 
Clavicle 
Arch. 8 46.7 [38.7-54.6] <0.001 5.9 [4.3-7.5] <0.001 8 0.5 [0.3-0.8] <0.001 
Form. 19 54.7 [48.7-60.6] 0.012 -0.2 [-2.2-1.7] 0.812 19 -0.1 [-0.4-0.1] 0.342 
Mid H. 47 53.5 [50.0-57.0] 0.121 -0.9 [-2.6-0.7] 0.279 47 -0.2 [-0.4-0.1] 0.080 
L. Int. 18 53.3 [48.0-58.7] 0.171 -1.1 [-3.0-0.7] 0.214 18 -0.2 [-0.5-0.1] 0.103 
Late P. 10 49.6 [41.7-57.4] 0.607 -0.7 [-2.7-1.3] 0.504 10 -0.2 [-0.1--0.4] 0.299 
 
This table shows intercepts and slopes for the Archaic Period and then differences for the intercepts and slopes of the other archaeological periods from the Archaic. P-values 
show the significance of the relationship between the Archaic and later periods. Only the slope of the curved line is shown here as the curved and straight lines have the same 
intercepts. The P-value next to the Archaic period shows the significance of the relationship between dental age and long bone length. The subsequent P-values show the 
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Table AC.03: Intercepts and slopes for straight (left) and curved (right) lines representing the femur, tibia, and fibula linear bone growth for the archaeological phases.  
Element Arch. Phase 
No. Of 
Obs. 
Straight Regression Line  No. Of 
Obs. 
Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Femur 
Archaic 9 86.5 [57.2-115.8] <0.001 20.7 [15.3-26.2] <0.001 9 1.6 [0.8-2.4] <0.001 
Formative 19 94.9 [78.3-111.5] 0.623 -0.6 [-7.2-6.1] 0.866 19 -0.05 [-1-0.9] 0.926 
Mid H. 68 97.4 [87.7-107.1] 0.487 -1.7 [-7.3-4.0] 0.559 68 -0.4 [-1.2-0.4] 0.360 
L. Int. 22 98.3 [82.3-114.3] 0.487 -1.9 [-8.1-4.3] 0.547 22 -0.2 [-1.1-0.7] 0.664 
Late P. 13 98.4 [75.3-121.5] 0.530 -2.5 [-9.1-4.1] 0.457 13 -0.3 [-1.2-0.7] 0.583 
Tibia 
Archaic 11 73.0 [55.3-90.6] <0.001 17.4 [13.8-21.0] <0.001 11 1.4 [0.8-2.0] <0.001 
Formative 20 77.0 [66.2-87.8] 0.698 +2.7 [-2.0-7.4] 0.264 20 +0.1 [-0.6-0.9] 0.768 
Mid H. 67 81.3 [74.3-88.4] 0.385 -1.4 [-5.1-2.4] 0.468 67 -0.4 [-1.0-0.2] 0.208 
L. Int. 18 90.8 [78.4-103.3] 0.104 -6.5 [-11--1.7] 0.008 18 -0.7 [-1.4-0.1] 0.074 
Late P. 11 81.4 [64.3-98.5] 0.498 -2.0 [-6.4-2.3] 0.361 11 -0.4 [-1.1-0.2] 0.200 
Fibula 
Archaic 9 60.9 [37.7-84.1] <0.001 21.1 [15.3-27.0] <0.001 9 3.4 [1.9-5.0] <0.001 
Formative 17 66.8 [52.6-81.0] 0.666 +3.3 [-4.3-11.0] 0.386 17 +0.2 [-1.8-2.2] 0.812 
Mid H. 53 83.2 [75.0-91.3] 0.075 -6.5 [-13--0.6] 0.033 53 -2.5 [-4--1.0] 0.002 
L. Int. 20 84.1 [71.2-97.0] 0.086 -7.3 [-14--0.9] 0.026 20 -2.4 [-4--0.9] 0.003 
Late P. 11 79.1 [61.5-96.7] 0.216 -6.2 [-12.6-0.3] 0.060 11 -2.5 [-4--1.0] 0.002 
 
This table shows intercepts and slopes for the Archaic Period and then differences for the intercepts and slopes of the other archaeological periods from the Archaic. P-values 
show the significance of the relationship between the Archaic and later periods. Only the slope of the curved line is shown here as the curved and straight lines have the same 
intercepts. The P-value next to the Archaic period shows the significance of the relationship between dental age and long bone length. The subsequent P-values show the 
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Table AC.04:	Summary results of Linear Regression and Testparm analyses for the intercepts and slopes of 
lines representing linear bone growth for the hunter-gatherer and agriculturalist groups.	
Long Bone 
Length No. Of Obs. 
Linear 
Regression 
Testparm Results  
(Prob<F) 
R-Squared 
Value Intercept Slope 
Straight Regression Line 
Humerus 105 0.898 0.173 0.307 
Radius 101 0.911 0.332 0.203 
Ulna 98 0.883 0.749 0.443 
Clavicle 102 0.885 0.617 0.061 
Femur 131 0.905 0.449 0.371 
Tibia 127 0.919 0.315 0.025 
Fibula 110 0.902 0.329 0.043 
Curved Regression Line 
Humerus 105 0.907 . 0.020 
Radius 101 0.918 . 0.108 
Ulna 98 0.902 . 0.069 
Clavicle 102 0.902 . 0.142 
Femur 131 0.919 . 0.015 
Tibia 127 0.932 . 0.131 
Fibula 110 0.926 . 0.002 
 
 The linear regression analyses show that there is a significant relationship between dental age and long bone 
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Table AC.05:	Intercepts and slopes of straight lines (left), and slopes for the curved lines (right) representing linear bone growth for the hunter-gatherer and agriculturalist 
groups for each element.	
Element Group No. Of Obs. 
Straight Regression Line Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Humerus Agriculture 80 79.9 [74.6-85.2] <0.001 12.4 [11.5-13.3] <0.001 15.6 [12.8-18.3] <0.001 Hunters 25 72.8 [64.0-81.6] 0.173 +1.4 [-1.3-4.1] 0.307 14.6 [12.3-18.3] 0.005 
Radius Agriculture 76 64.1 [59.8-68.3] <0.001 9.3 [8.6-9.9] <0.001 11.1 [8.9-13.3] <0.001 Hunters 25 60.3 [53.7-66.8] 0.331 +1.1 [-0.6-2.8] 0.203 10.7 [8.0-13.3] 0.040 
Ulna Agriculture 73 71.1 [66.7-75.5] <0.001 10.2 [9.3-11.0] <0.001 13.6 [11.2-15.9] <0.001 Hunters 25 69.8 [62.6-76.9] 0.749 +0.7 [-1.2-2.6] 0.442 13.0 [10.2-15.9] 0.022 
Clavicle Agriculture 75 52.9 [50.1-55.6] <0.001 5.0 [4.6-5.4] <0.001 6.7 [5.4-8.1] <0.001 Hunters 27 51.5 [46.7-56.3] 0.617 +1.0 [-0.1-2.1] 0.061 6.5 [4.9-8.0] 0.078 
Femur Agriculture 103 97.6 [90.0-105.2] <0.001 19.0 [17.8-20.1] <0.001 25.3 [21.6-29.1] <0.001 Hunters 28 91.7 [78.3-105.1] 0.449 +1.4 [-1.7-4.6] 0.371 24.1 [19.7-28.7] 0.004 
Tibia Agriculture 96 82.1 [76.1-88.0] <0.001 15.7 [14.8-16.6] <0.001 20.8 [17.8-23.8] <0.001 Hunters 31 76.3 [66.8-85.8] 0.315 +2.9 [0.4-5.4] 0.025 20.4 [16.7-23.8] 0.001 
Fibula Agriculture 84 82.5[75.8-89.2] <0.001 14.6 [13.6-15.6] <0.001 21.1 [18.0-24.2] <0.001 Hunters 26 75.8 [64.1-87.6] 0.329 +3.3 [0.1-6.5] 0.043 20.6 [17.3-24.0] <0.001 
 
The table shows the intercepts and slopes for the agriculturalist group and then the differences for the intercepts and slopes of the hunter-gatherer group. P-values show the 
significance of the relationship between the agricultural and hunter-gatherer groups. This table shows intercepts and slopes for the agricultural group and then differences for 
the intercepts and slopes when compared to the hunter-gatherer group. Only the slope of the curved line is shown here as the curved and straight lines have the same 
intercepts. The P-value next to the agriculturalist period shows the significance of the relationship between dental age and long bone length. The subsequent P-value next to 
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Table AC.06: Linear Regression and Testparm analyses for the intercepts and slopes of lines representing mid-
shaft maximum diaphyseal width (MMSDW) growth of the upper and lower limb bones for the archaeological 
phases. 
Long Bone 






Value Intercept Slope 
Straight Regression Line 
Humerus 117 0.765 0.520 0.320 
Radius 105 0.842 0.806 0.446 
Ulna 106 0.806 0.917 0.872 
Clavicle 102 0.734 0.268 0.838 
Femur 137 0.834 0.812 0.678 
Tibia 132 0.845 0.746 0.064 
Fibula 113 0.845 0.456 0.076 
Curved Regression Line 
Humerus 117 0.648 . 0.040 
Radius 105 0.726 . 0.109 
Ulna 106 0.686 . 0.574 
Clavicle 102 0.634 . 0.978 
Femur 137 0.696 . 0.216 
Tibia 132 0.682 . 0.006 
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Table AC.07: Intercepts and slopes for straight lines (left) and slopes for curved lines (right) representing mid-shaft maximum diaphyseal width (MMSDW) growth in the 
different archaeological phases for each skeletal element of the upper limb.  
Element Arch. Phase 
No. Of 
Obs. 
Straight Regression Line Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Humerus 
Archaic 9 5.8 [4.3-7.3] <0.001 0.7 [0.4-1.0] <0.001 0.1 [0.01-0.1] <0.001 
Formative 27 6.9 [6.1-7.8] 0.190 +0.1 [-0.2-0.5] 0.454 +0.01 [-0.04-0.01] 0.828 
Mid H. 49 7.2 [6.5-7.8] 0.095 -0.05 [-0.4-0.3] 0.751 -0.01 [-0.1-0.02] 0.496 
L. Int. 21 7.2 [6.3-8.2] 0.111 -0.07 [-0.4-0.3] 0.687 -0.01 [-0.05--0.03] 0.612 
Late P. 11 6.7 [5.3-8.1] 0.366 +0.07 [-0.3-0.4] 0.685 -0.01 [-0.05--0.03] 0.704 
Radius 
Archaic 5 5.0 [4.0-6.0] <0.001 0.5 [0.3-0.7] <0.001 0.04 [0.02-0.07] <0.001 
Formative 25 5.2 [4.7-5.8] 0.702 +0.05 [-0.1-0.3] 0.657 -0.004 [-0.03-0.02] 0.776 
Mid H. 48 5.3 [4.9-5.7] 0.640 -0.03 [-0.2-0.2] 0.789 -0.01 [-0.04-0.01] 0.244 
L. Int. 20 5.3 [4.9-5.7] 0.640 -0.1 [-0.3-0.1] 0.442 -0.02 [-0.04-0.01] 0.212 
Late P. 7 5.8 [4.6-6.9] 0.322 -0.01 [-0.2-0.2] 0.954 -0.01 [-0.04-0.01] 0.261 
Ulna 
Archaic 7 4.6 [3.5-5.8] <0.001 0.4 [0.2-0.6] <0.001 -0.004 [0.04-0.01] <0.001 
Formative 25 4.8 [4.2-5.4] 0.772 +0.1 [-0.2-0.3] 0.473 +0.001 [-0.03-0.03] 0.933 
Mid H. 48 4.8 [4.4-5.2] 0.731 +0.1 [-0.2-0.3] 0.629 -0.006 [-0.03-0.02] 0.666 
L. Int. 20 5.1 [4.5-5.8] 0.449 +0.01 [-0.2-0.3] 0.921 -0.007 [-0.03-0.02] 0.616 
Late P. 6 4.7 [3.8-5.7] 0.877 +0.04 [-0.2-0.3] 0.786 -0.004 [-0.03-0.03] 0.801 
Clavicle 
Archaic 8 3.9 [3.1-4.7] <0.001 0.3 [0.2-0.5] <0.001 0.03 [0.01-0.05] <0.001 
Formative 19 4.7 [4.0-5.3] 0.133 +0.04 [-0.2-0.2] 0.694 -0.003 [-0.02-0.02] 0.822 
Mid H.  47 4.9 [4.5-5.2] 0.033 -0.02 [-0.2-0.2] 0.811 -0.01 [-0.03-0.01] 0.332 
L. Int. 18 4.9 [4.4-5.5] 0.041 -0.02 [-0.2-0.2] 0.870 -0.01 [-0.03-0.01] 0.451 
Late P. 10 4.9 [4.1-5.7] 0.093 -0.1 [-0.3-0.1] 0.571 -0.01 [-0.03-0.01] 0.405 
 
The table shows the intercepts and slopes for the Archaic Period and then the differences for the intercepts and slopes of later archaeological periods compared to the Archaic. 
P-values show the significance of the relationship between the Archaic and later periods.  Only the slope of the curved line is shown here as the curved and straight lines have 
the same intercepts. The P-value next to the Archaic Period shows the significance of the relationship between dental age and long bone length. Subsequent P-values show the 
correlation of the Archaic Period’s intercepts or slopes, and those of the following four phases. 
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Table AC.08: Intercepts and slopes for straight lines (curved) and slopes for curved lines (right) representing maximum mid-shaft diaphyseal width growth in the different 
archaeological phases for each skeletal element of the lower limb.  
Element Arch. Phase No. Of Obs. 
Straight Regression Line Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Femur 
Archaic 8 7.7 [5.8-9.7] <0.001 1.0 [0.7-1.4] <0.001 0.1 [0.04-0.1] <0.001 
Formative 25 8.7 [7.8-9.7] 0.371 -0.1 [-0.5-0.3] 0.593 -0.02 [-0.1-0.02] 0.456 
Mid H. 68 8.9 [8.3-9.5] 0.270 -0.2 [-0.6-0.2] 0.308 -0.03 [-0.1-0.01] 0.161 
L. Int. 22 9.0 [8.0-10.1] 0.243 -0.2 [-0.6-0.2] 0.378 -0.02 [-0.1-0.02] 0.326 
Late P. 14 9.0 [7.6-10.5] 0.280 -0.1 [-0.5-0.3] 0.730 -0.03 [-0.1-0.02] 0.224 
Tibia 
Archaic 11 6.7 [5.3-8.1] <0.001 1.1 [0.8-1.4] <0.001 0.1 [0.05-0.1] <0.001 
Formative 26 7.7 [7.0-8.5] 0.201 -0.3 [-0.6-0.1] 0.110 -0.04 [-0.1-0.01] 0.088 
Mid H 67 7.7 [7.2-8.3] 0.189 -0.3 [-0.6--0.01] 0.043 -0.05 [-0.1--0.01] 0.019 
L. Int. 18 7.7 [6.8-8.7] 0.227 -0.5 [-0.8--0.1] 0.006 -0.1 [-0.1--0.01] 0.011 
Late P. 10 7.5 [6.0-9.1] 0.431 -0.2 [-0.6-0.2] 0.271 -0.04 [-0.1-0.002] 0.061 
Fibula 
Archaic 8 3.3 [1.6-5.0] <0.001 1.0 [0.6-1.4] <0.001 0.1 [0.1-0.2] 0.002 
Formative 23 4.4 [3.7-5.1] 0.236 -0.3 [-0.7-0.1] 0.141 -0.1 [-0.2--0.01] 0.031 
Mid H 50 4.9 [4.4-5.4] 0.083 -0.4 [-0.8--0.01] 0.043 -0.1 [-0.2--0.02] 0.014 
L. Int. 20 4.7 [3.9-5.4] 0.144 -0.4 [-0.9--0.02] 0.041 -0.1 [-0.2--0.02] 0.018 
Late P. 12 4.6 [3.6-5.6] 0.197 -0.3 [-0.7-0.1] 0.177 -0.1 [-0.2--0.02] 0.019 
 
The table shows the intercepts and slopes for the Archaic Period and then the differences for the intercepts and slopes of later archaeological periods compared to the Archaic. 
P-values show the significance of the relationship between the Archaic and later periods. Only the slope of the curved line is shown here as the curved and straight lines have 
the same intercepts. The P-value next to the Archaic period shows the significance of the relationship between dental age and long bone length. The subsequent P-values show 
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Table AC.09: Linear Regression and Testparm results for intercepts and slopes of straight and curved lines 
representing maximum mid-shaft diaphyseal width growth (MMSDW) for hunter-gatherer and agriculturalist 
groups.  
Long Bone 
Length No. Of Obs. 
Linear 
Regression 
Testparm Results  
(Prob<F) 
R-Squared 
Value Intercept Slope 
Straight Regression Line 
Humerus 117 0.800 0.191 0.023 
Radius 105 0.839 0.549 0.107 
Ulna 106 0.805 0.601 0.510 
Clavicle 102 0.736 0.068 0.510 
Femur 137 0.827 0.422 0.425 
Tibia 132 0.829 0.723 0.193 
Fibula 113 0.828 0.253 0.129 
Curved Regression Line 
Humerus 117 0.649 . 0.005 
Radius 105 0.722 . 0.007 
Ulna 106 0.682 . 0.661 
Clavicle 102 0.634 . 0.416 
Femur 137 0.696 . 0.100 
Tibia 132 0.682 . 0.043 
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Table AC.10: Intercepts and slopes representing mid-shaft maximum diaphyseal width growth of each element for the hunter-gatherer and agriculturalist groups.  
Element Group No. Of Obs. 
Straight Regression Line Curved Regression Line 
Intercept [95% CI] P-Value Slope [95% CI] P-Value Slope [95% CI] P-Value 
Humerus Agriculture 81 7.1 [6.6- 7.6] <0.001 0.6 [0.6- 0.7] <0.001 0.7 [0.5-1.0] <0.001 Hunters 36 6.5 [5.6- 7.2] 0.191 +0.2 [0.03- 0.4] 0.023 -0.1 [-0.1- 0.02] 0.04 
Radius Agriculture 75 5.4 [5.0- 5.7] <0.001 0.5 [0.4-0.5] <0.001 0.5 [0.4- 0.7] <0.001 Hunters 30 5.2 [4.7-5.7] 0.549 +0.1 [-0.02- 0.2] 0.107 -0.05 [-0.01--0.02] 0.003 
Ulna Agriculture 74 4.9 [4.6- 5.2] <0.001 0.5 [0.4- 0.5] <0.001 0.6 [0.5-0.8] <0.001 Hunters 32 4.7 [4.2- 5.2] 0.601 0.04 [-0.1- 0.2] 0.510 -0.01 [-0.04-0.02] 0.364 
Clavicle Agriculture 75 4.9 [4.6- 5.2] <0.001 0.3 [0.3- 0.3] <0.001 0.4 [0.2- 0.5] <0.001 Hunters 27 4.3 [3.8- 4.8] 0.068 +0.1 [-0.02- 0.2] 0.108 -0.01 [-0.4- 0.02] 0.476 
Femur Agriculture 104 8.9 [8.4- 9.4] <0.001 0.9 [0.8- 0.9] <0.001 1.2 [0.9- 1.4] <0.001 Hunters 33 8.5 [7.7- 9.4] 0.422 +0.1 [-0.1- 0.3] 0.425 -0.1- 0.04] 0.033 
Tibia Agriculture 95 7.7 [7.2- 8.1] <0.001 0.8 [0.7- 0.8] <0.001 1.2 [0.9- 1.4] <0.001 Hunters 37 7.5 [6.8- 8.2] 0.723 +0.1 [-0.1- 0.3] 0.193 -0.05 [-0.1- -0.01] 0.012 
Fibula Agriculture 82 4.7 [4.3- 5.1] <0.001 0.6 [0.5-0.6] <0.001 0.8 [0.6- 1.0] <0.001 Hunters 31 4.3 [3.6- 9.4] 0.253 +0.1 [-0.03- 0.3] 0.129 -0.05 [-0.1- -0.01] 0.007 
 
This table shows intercepts and slopes for the agricultural group and then differences for the intercepts and slopes when compared to the hunter-gatherer group. Only the 
slope of the curved line is shown here as the curved and straight lines have the same intercepts.  
P-value next to the agriculturalist period shows the significance of the relationship between dental age and long bone length. The subsequent P-value next to the hunter-
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Table AC.11: Median, means, and observation numbers (N) for the directional asymmetry percentages (%DA) of the long bones representing each phase* is shown, 





Median %DA (Mean %DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% DA Obs. % DA Obs. % DA Obs. % DA Obs. % DA Obs. 
Humerus 
<1 -0.50 (-0.50) 1 -0.94 (-1.14) 3 0.29 (0.29) 2 0.70 (0.70) 3 -0.35 (-0.48) 3 
1-5 0.72 (0.72) 1 0.55 (0.40) 5 0.19 (0.20) 9 0.42 (0.13) 8 0.73 (0.73) 2 
6-10 0.00 (0.00) 0 0.00 (0.00) 0 1.07 (1.25) 4 -1.52 (-1.52) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 0.00 (0.00) 0 2.16 (2.16) 1 0.00 (0.00) 0 2.84 (2.84) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Radius 
<1 0.26 (0.26) 1 -1.12 (-0.49) 4 -0.31 (-0.31) 1 -0.56 (-0.82) 3 -1.11 (-1.11) 1 
1-5 0.00 (0.00) 0 0.15 (0.03) 4 -0.43 (-0.33) 10 -0.92 (-0.73) 4 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 0.75 (0.75) 1 -0.10 (0.10) 4 -0.47 (-0.47) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 0.30 (0.30) 1 0.56 (0.94) 3 0.00 (0.00) 0 2.55 (2.55) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 0.14 (0.14) 2 0.89 (0.98) 3 1.07 (0.48) 5 -0.05 (-0.07) 3 -0.87 (-0.87) 2 
1-5 0.65 (0.65) 1 0.59 (2.63) 6 0.56 (0.31) 8 0.26 (0.26) 2 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 0.01 (0.01) 1 1.09 (1.13) 4 0.00 (0.00) 0 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 -1.20 (-1.20) 2 3.10 (3.10) 1 0.00 (0.00) 0 2.33 (2.33) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 0.21 (0.21) 2 1.96 (2.85) 3 0.41 (-0.52) 5 1.79 (1.12) 4 -0.06 (-0.01) 4 
1-5 3.40 (3.40) 1 -1.24 (-1.83) 4 0.49 (0.80) 7 0.38 (0.24) 8 0.18 (0.18) 1 
6-10 0.00 (0.00) 0 -0.56 (-0.56) 1 0.27 (0.16) 5 0.77 (0.77) 1 0.00 (0.00) 0 
11-15 3.68 (3.68) 1 -2.74 (-2.74) 1 -1.13 (-0.56) 5 -2.22 (-2.22) 2 -3.47 (-3.47) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 -1.58 (-1.39) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Femur 
<1 0.00 (0.00) 0 -0.10 (-0.002) 6 0.41 (0.21) 4 -0.50 (-0.05) 3 -0.13 (0.18) 3 
1-5 0.00 (0.00) 0 -0.65 (0.04) 4 0.05 (0.03) 12 -0.19 (-0.09) 9 0.00 (0.00) 1 
6-10 6.32 (6.32) 1 0.00 (0.00) 0 0.20 (0.12) 8 -0.59 (-0.59) 2 0.01 (0.06) 2 
11-15 0.00 (0.00) 1 0.00 (0.00) 0 -0.33 (-0.26) 7 0.00 (0.00) 0 0.00 (0.00) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Tibia <1 -0.46 (-0.46) 1 0.80 (0.67) 5 -0.25 (0.02) 7 0.07 (0.41) 4 -0.93 (-0.93) 2 
Appendix D: Tables for Statistical Analyses 
	
 
Gail E. Elliott  
 
389 
1-5 0.33 (0.33) 2 0.16 (-0.36) 4 -0.21 (-0.15) 14 -0.01 (0.22) 8 0.00 (0.00) 0 
6-10 0.51 (0.36) 3 0.00 (0.00) 1 0.25 (-0.14) 6 0.00 (0.00) 1 -0.51 (-0.37) 1 
11-15 0.00 (0.00) 0 0.00 (0.00) 0 -0.35 (-0.35) 9 0.00 (0.00) 0 -0.52 (-0.52) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Fibula 
<1 -1.84 (-1.84) 1 1.02 (0.92) 4 0.56 (0.61) 4 0.03 (-0.10) 3 0.10 (0.27) 3 
1-5 -0.58 (-0.58) 1 0.33 (0.33) 2 -0.54 (-0.57) 8 -0.24 (-0.34) 5 -0.22 (-0.22) 2 
6-10 0.54 (0.73) 3 0.26 (0.26) 2 0.00 (-1.14) 7 0.48 (0.48) 1 -0.53 (-0.56) 3 
11-15 0.00 (0.00) 0 0.47 (0.47) 1 -0.40 (-0.31) 8 0.00 (0.00) 1 0.96 (0.96) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
*Superscript letters show where significant differences between the median percentages of the diaphyseal lengths for the different archaeological phases are present. P-values 
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Table AC.10.1: Median, means, and observation numbers (N) for the directional asymmetry percentages (%DA) of the long bones representing each phase* is shown, 





Median %AA (Mean %DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% AA Obs. % AA Obs. % AA Obs. % AA Obs. % AA Obs. 
Humerus 
<1 0.50 (0.50) 1 0.94 (1.14) 3 0.29 (0.29) 2 0.70 (0.78) 3 0.35 (0.56) 3 
1-5 0.72 (0.72) 1 1.14 (1.50) 5 0.28 (0.67) 9 0.42 (0.59) 8 0.72 (0.72) 2 
6-10 0.00 (0.00) 0 0.00 (0.00) 0 1.35 (1.34) 4 1.52 (1.52) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 0.00 (0.00) 0 2.16 (2.16) 1 0.00 (0.00) 0 2.84 (2.84) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Radius 
<1 2.85 (2.85) 1 1.03 (0.89) 4 0.31 (0.31) 1 0.56 (0.82) 3 1.11 (1.11) 1 
1-5 0.00 (0.00) 0 1.19 (3.67) 4 0.43 (0.39) 10 1.15 (1.40) 4 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 0.75 (0.75) 1 0.28 (0.49) 4 0.47 (0.47) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 0.30 (0.30) 1 0.56 (0.94) 3 0.00 (0.00) 0 2.55 (2.55) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 1.53 (1.53) 2 0.89 (1.07) 3 1.12 (1.30) 5 1.12 (0.82) 3 0.87 (0.87) 2 
1-5 0.65 (0.65) 1 0.65 (2.50) 6 0.71 (0.62) 8 2.04 (2.04) 2 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 0.01 (0.01) 1 1.07 (7.04) 4 0.00 (0.00) 0 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 1.93 (1.93) 2 3.08 (3.08) 1 0.00 (0.00) 0 2.33 (2.33) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 0.20 (0.20) 2 1.96 (2.85) 3 0.73 (1.69) 5 1.79 (1.73) 4 0.97 (0.96) 4 
1-5 3.40 (3.40) 1 1.24 (1.83) 4 1.42 (1.77) 7 1.12 (0.95) 8 0.18 (0.18) 1 
6-10 0.00 (0.00) 0 0.56 (0.56) 1 1.29 (1.46) 5 0.77 (0.77) 1 0.00 (0.00) 0 
11-15 3.68 (3.68) 1 2.74 (2.74) 1 1.13 (1.20) 5 2.48 (2.48) 2 3.47 (3.47) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 1.65 (1.65) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Femur 
<1 0.00 (0.00) 0 0.26 (0.29) 6 0.55 (0.52) 4 0.60 (0.66) 3 0.52 (0.61) 3 
1-5 0.00 (0.00) 0 0.99 (1.32) 4 0.79 (0.69) 12 0.49 (0.40) 9 0.00 (0.00) 1 
6-10 6.32 (6.32) 1 0.00 (0.00) 0 0.40 (0.41) 8 0.77 (0.77) 2 0.58 (0.58) 2 
11-15 0.00 (0.00) 1 0.00 (0.00) 0 0.64 (0.67) 7 0.00 (0.00) 0 0.67 (0.67) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Tibia <1 0.26 (0.26) 1 0.80 (0.95) 5 0.44 (0.55) 7 0.28 (0.62) 4 0.93 (0.93) 2 
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1-5 0.92 (0.92) 2 0.91 (0.55) 4 0.44 (0.45) 14 0.19 (0.50) 8 0.00 (0.00) 0 
6-10 0.54 (0.70) 3 0.00 (0.00) 1 0.50 (0.64) 6 0.00 (0.00) 1 0.53 (0.53) 1 
11-15 0.00 (0.00) 0 0.00 (0.00) 0 0.38 (1.77) 9 0.00 (0.00) 0 0.52 (0.52) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Fibula 
<1 0.26 (0.26) 1 1.17 (0.94) 3 0.56 (0.61) 4 0.28 (0.31) 3 0.10 (0.27) 3 
1-5 0.58 (0.58) 1 0.33 (0.33) 2 0.54 (0.63) 8 0.59 (0.61) 5 0.56 (0.56) 2 
6-10 0.54 (0.73) 3 0.26 (0.26) 2 0.96 (0.28) 7 0.48 (0.48) 1 0.53 (0.53) 1 
11-15 0.00 (0.00) 0 0.47 (0.47) 1 0.40 (0.50) 8 0.00 (0.00) 1 0.96 (0.96) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
 
*Superscript letters show where significant differences between the median percentages of the diaphyseal lengths for the different archaeological phases are present. P-values 




Table AC.13: Median, means, and observation numbers (N) for the directional asymmetry percentages (%DA) of the long bone lengths representing each phase* is shown:  
Element 
Median %DA (Mean %DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% DA Obs. % DA Obs. % DA Obs. % DA Obs. % DA Obs. 
Humerus 0.11 (0.11) 2 -0.85 (-0.18) 8 0.32 (0.62) 16 0.52 (0.15) 12 0.15 (0.48) 6 
Radius 0.26 (0.26) 1 0.30 (-0.03) 10 -0.28 (-0.01) 18 -0.72 (-0.73) 8 0.72 (0.72) 2 
Ulna 0.65 (0.31) 3 0.15 (1.14) 11 0.75 (0.70) 18 -0.05 (0.06) 5 -0.61 (0.20) 3 
Clavicle 1.86 (1.87) 4 -0.56 (-0.22) 9 0.28 (0.35) 24 0.58 (0.18) 15 -0.66 (-0.97) 7 
Femur 3.16 (3.16) 2 -0.26 (0.01) 10 0.00 (0.01) 32 -0.25 (-0.13) 14 0.00 (0.12) 8 
Tibia 0.03 (0.21) 6 0.48 (0.19) 10 -0.29 (-0.17) 37 0.00 (0.32) 13 -0.67 (-0.57) 5 
Fibula 0.54 (-0.05) 5 0.52 (0.59) 8 0.00 (-0.21) 27 0.03 (-0.09) 10 0.09 (0.06) 8 
 
*Superscript letters show where significant differences between the median percentages of diaphyseal lengths for the different archaeological phases are present. P-values for 
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Table AC.14: Median, means, and observation numbers (N) for the absolute asymmetry percentages (%DA) of the long bone lengths representing each phase* is shown:   
Element 
Median %AA (Mean %AA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% AA Obs. % AA Obs. % AA Obs. % AA Obs. % AA Obs. 
Humerus 0.61 (0.61) 2 1.04 (1.37) 8 0.49 (0.88) 16 0.68 (0.72) 12 0.78 (1.00) 6 
Radius 2.85 (2.85) 1 1.00 (1.93) 10 0.43 (0.50) 18 0.98 (1.07) 8 1.83 (1.83) 2 
Ulna 1.39 (1.24) 3 0.74 (1.83) 11 0.89 (1.00) 18 1.28 (1.30) 5 1.13 (1.36) 3 
Clavicle 1.86 (1.87) 4 1.40 (2.13) 9 1.29 (1.56) 24 1.27 (1.35) 15 1.28 (1.56) 7 
Femur 3.16 (3.16) 2 0.47 (0.70) 10 0.45 (0.58) 32 0.52 (0.51) 14 0.60 (0.54) 8 
Tibia 0.57 (0.73) 6 0.75 (0.84) 10 0.42 (0.47) 37 0.25 (0.50) 13 0.67 (0.68) 5 
Fibula 0.58 (0.92) 5 0.49 (0.56) 8 0.40 (0.50) 27 0.38 (0.45) 10 0.58 (0.55) 8 
 
*Superscript letters show where significant differences between median percentages of the diaphyseal lengths for the different archaeological phases are present. P-values for 
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Table AC.19: Median, means, and observation numbers (N) for the directional asymmetry percentages (%DA) of the long bone lengths representing each group* is shown 
by age group: 	
Element Age Group (yrs). 
Median %DA (Mean %DA) Median %AA (Mean %AA) 
Hunter-Gathers Agriculturalist Group Hunter-Gathers Agriculturalist Group 
% DA Obs. % DA Obs. % DA Obs. % DA Obs. 
Humerus 
<1 -0.72 (-0.82) 4 0.29 (0.17) 8 0.72 (0.45) 4 0.35 (0.54) 8 
1-5 0.64 (0.56) 6 0.42 (0.35) 19 0.93 (1.11) 6 0.42 (0.66) 19 
6-10 0.00 (0.00) 0 -0.23 (-0.14) 5 0.00 (0.00) 0 2.50 (2.50) 2 
11-15 0.00 (0.00) 0 2.50 (2.50) 2 0.00 (0.00) 0 0.00 (0.00) 0 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Radius 
<1 -0.43 (-0.12) 5 -0.56 (-0.75) 5 1.94 (1.87) 5 0.56 (0.75) 5 
1-5 0.15 (0.03) 4 -0.68 (-0.53) 14 1.03 (0.89) 4 0.79 (0.90) 5 
6-10 0.75 (0.75) 1 -0.29 (-0.19) 5 0.75 (0.75) 1 0.38 (0.48) 5 
11-15 0.30 (0.30) 1 1.56 (1.75) 4 0.30 (0.30) 1 1.56 (1.75) 4 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 0.52 (0.56) 5 -0.05 (-0.15) 10 1.21 (1.30) 5 1.12 (1.00) 10 
1-5 0.62 (1.64) 7 0.41 (0.29) 10 0.65 (1.58) 7 1.38 (1.33) 10 
6-10 0.01 (0.01) 1 1.09 (1.13) 4 0.01 (0.01) 1 1.07 (7.04) 4 
11-15 -1.20 (-1.20) 2 2.72 (2.72) 2 1.93 (1.93) 2 2.71 (2.71) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 1.09 (1.53) 5 0.41 (0.20) 13 1.08 (1.53) 5 0.97 (1.46) 13 
1-5 1.08 (0.79) 5 0.38 (0.20) 16 2.32 (2.62) 5 1.12 (0.97) 16 
6-10 -0.56 (-0.56) 1 0.52 (0.47) 6 0.56 (0.56) 1 1.03 (1.12) 6 
11-15 0.47 (0.47) 2 -2.22 (-2.08) 9 3.21 (3.21) 2 2.48 (2.38) 9 
16-20 0.00 (0.00) 0 -1.58 (-1.39) 1 0.00 (0.00) 0 1.65 (1.65) 1 
Femur 
<1 -0.10 (-0.002) 6 -0.13 (0.11) 10 0.00 (0.00) 0 0.55 (0.60) 10 
1-5 -0.65 (0.04) 4 0.00 (-0.02) 22 0.99 (1.32) 4 0.49 (0.36) 22 
6-10 6.32 (6.32) 1 0.01 (-0.14) 12 6.32 (6.32) 1 0.58 (0.58) 12 
11-15 0.00 (0.00) 1 -0.17 (-0.13) 9 0.00 (0.00) 1 0.66 (0.67) 9 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Tibia <1 0.17 (0.12) 6 -0.25 (-0.17) 13 0.53 (0.61) 6 0.44 (0.70) 13 1-5 0.25 (-0.02) 6 -0.11 (0.04) 22 0.92 (0.74) 6 0.32 (0.48) 22 
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6-10 0.26 (0.18) 4 0.00 (-0.17) 8 0.27 (0.35) 4 0.50 (0.39) 8 
11-15 0.00 (0.00) 0 -0.44 (-0.44) 11 0.00 (0.00) 0 0.45 (1.15) 11 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Fibula 
<1 -0.41 (-0.46) 5 0.23 (0.25) 10 0.72 (0.60) 4 0.28 (0.40) 10 
1-5 -0.13 (-0.13) 3 -0.24 (-0.38) 15 0.46 (0.46) 3 0.56 (0.60) 15 
6-10 0.40 (0.50) 5 0.00 (-0.41) 11 0.40 (0.50) 5 0.53 (0.43) 9 
11-15 0.47 (0.47) 1 0.00 (0.22) 11 0.47 (0.47) 1 0.40 (0.49) 11 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
 
*Superscript letters show where significant differences between the median percentages of the diaphyseal lengths for the different groups are present. P-values for the 
differences between the medians. 
 
 
Table AC.20: Median, means, and observation numbers (N) for the directional asymmetry percentages (%DA) of the long bone lengths representing each group* is shown: 	
Element Median %DA (Mean %DA) Median %AA (Mean %AA) 
Hunter-Gathers Agriculturalist Group Hunter-Gathers Agriculturalist Group 
% DA Obs. % DA Obs. % DA Obs. % DA Obs. 
Humerus -0.04 (-0.13) 10 0.36 (0.72) 34 0.83 (0.78) 10 0.42 (1.23) 29 
Radius 0.23 (0.24) 11 -0.43 (0.07) 28 0.89 (0.95) 11 0.68 (0.97) 19 
Ulna 0.27 (0.25) 15 0.75 (1.00) 26 0.93 (1.21) 15 1.25 (3.02) 26 
Clavicle 0.78 (0.56) 13 0.38 (-0.52) 46 1.70 (1.98) 13 1.12 (1.52) 45 
Femur -0.05 (1.59) 12 -0.07 (-0.05) 53 0.99 (2.55) 6 0.57 (0.55) 53 
Tibia 0.25 (0.09) 16 -0.18 (-0.19) 54 0.53 (0.57) 16 0.45 (0.68) 54 
Fibula 0.14 (0.10) 14 0.00 (-0.08) 47 0.50 (0.51) 13 0.47 (0.48) 45 
 
*Superscript letters show where significant differences between the median percentages of the diaphyseal lengths for the different groups are present. P-values for the 
differences between the medians. 
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Table AC.21: Median, means, and observation numbers (N) for directional asymmetry percentages (%DA) of cortical thickness representing each phase* is shown, separated 





Median %DA (Mean %DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% DA Ob. % DA Ob. % DA Ob. % DA Ob. % DA Ob. 
Humerus 
<1 0.00 (0.00) 0 -2.39 (-2.75) 5 -8.01 (-8.01) 2 -2.03 (-0.83) 3 0.48 (1.51) 3 
1-5 -10.49 (-10.49) 1 -3.60 (-5.85) 9 -2.55 (-2.71) 9 -3.03 (-1.23) 6 -13.37 (-13.37) 1 
6-10 0.00 (0.00) 0 -9.13 (-9.13) 2 2.96 (5.40) 4 7.16 (7.16) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 5.31 (5.31) 1 11.86 (8.81) 4 4.18 (4.18) 2 7.85 (7.85) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 -2.73 (-2.73) 1 
Radius 
<1 0.56 (0.56) 1 1.46 (1.48) 4 3.76 (3.76) 2 1.54 (0.94) 3 3.11 (3.11) 1 
1-5 0.00 (0.00) 0 0.36 (-0.80) 5 0.55 (0.70) 8 -0.15 (-0.15) 2 4.42 (4.42) 1 
6-10 0.00 (0.00) 0 -11.11 (-11.11) 2 4.67 (2.32) 3 2.52 (2.52) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 -1.67 (-1.67) 1 -3.59 (-2.37) 4 1.16 (1.16) 1 4.42 (4.42) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 -29.12 (-29.12) 1 -2.58 (-2.69) 3 -0.54 (0.89) 5 -3.14 (-2.74) 3 2.33 (2.33) 2 
1-5 -1.76 (-1.76) 1 -2.35 (-1.74) 10 -2.79 (-1.69) 8 -1.94 (-1.94) 2 -6.22 (-6.22) 1 
6-10 0.00 (0.00) 0 5.28 (5.28) 2 0.98 (2.11) 4 0.00 (0.00) 0 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 12.45 (12.45) 1 3.66 (3.66) 2 -5.36 (-5.36) 1 -0.67 (-0.67) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 -1.31 (-1.31) 2 9.97 (9.97) 2 4.15 (3.13) 5 -7.13 (-2.66) 4 7.51 (5.65) 4 
1-5 -5.17 (-5.17) 1 -3.01 (-3.0) 4 -0.20 (3.15) 6 -8.03 (-5.90) 7 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 5.45 (5.45) 1 7.16 (7.0) 5 4.26 (4.26) 1 0.00 (0.00) 0 
11-15 8.31 (8.31) 1 -2.49 (-2.49) 1 11.12 (9.80) 5 2.14 (2.14) 2 2.28 (2.28) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 12.36 (12.36) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Femur 
<1 0.00 (0.00) 0 1.20 (0.39) 7 0.07 (-2.88) 4 1.33 (0.94) 3 1.90 (2.99) 3 
1-5 0.00 (0.00) 0 -2.55 (-2.81) 7 0.11 (1.07) 12 1.12 (0.06) 9 0.23 (0.23) 1 
6-10 -0.22 (-0.22) 1 -1.07 (-1.07) 2 -2.10 (-3.01) 8 0.99 (0.99) 1 0.44 (0.44) 1 
11-15 -0.87 (-0.87) 1 0.00 (0.00) 0 1.92 (1.31) 8 0.00 (0.00) 0 -3.53 (-3.53) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 -2.86 (-2.86) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Tibia <1 4.75 (4.75) 1 5.58 (2.08) 7 -3.0 (-4.7) 6 0.87 (0.83) 4 -5.35 (-5.35) 2 
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1-5 10.99 (10.20) 3 -1.26 (-6.70) 7 -2.83 (-1.41) 13 -0.11 (-0.17) 8 0.00 (0.00) 0 
6-10 14.07 (14.07) 2 -0.23 (-0.23) 2 0.29 (0.31) 5 0.00 (0.00) 0 -3.22 (-3.22) 1 
11-15 0.00 (0.00) 0 -0.97 (-0.97) 1 -2.78 (-3.83) 6 0.24 (0.24) 1 2.58 (2.58) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 4.23 (4.23) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Fibula 
<1 4.20 (4.20) 1 2.29 (3.02) 3 0.00 (0.84) 3 1.53 (1.53) 2 -2.15 (-4.39) 3 
1-5 -8.85 (-8.85) 1 0.09 (1.75) 4 3.21 (1.90) 8 3.08 (1.88) 5 5.64 (6.64) 2 
6-10 -5.58 (-5.58) 2 13.00 (13.00) 2 0.57 (-1.58) 7 0.00 (0.00) 0 -1.25 (-1.25) 1 
11-15 0.00 (0.00) 0 0.00 (0.00) 0 4.06 (3.75) 8 0.83 (0.83) 1 3.78 (3.78) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
the differences between the medians. 
 
 
Table AC.22: Median, means, and observation numbers (N) for the absolute asymmetry percentages (% AA) of cortical thickness representing each phase* is shown, 





Median %AA (Mean %AA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% AA Ob. % AA Ob. % AA Ob. % AA Ob. % AA Ob. 
Humerus 
<1 0.00 (0.00) 0 2.64 (5.60) 5 8.01 (8.01) 2 3.47 (3.14) 3 0.48 (1.51) 3 
1-5 10.49 (10.49) 1 5.80 (7.20) 9 2.55 (3.26) 9 1.25 (3.24) 6 13.37 (13.37) 1 
6-10 0.00 (0.00) 0 12.29 (12.29) 2 2.96 (5.40) 4 7.16 (7.16) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 5.31 (5.31) 1 11.86 (9.37) 4 4.18 (4.18) 1 7.85 (7.85) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 2.73 (2.73) 1 
Radius 
<1 0.56 (0.56) 1 1.89 (2.03) 4 4.00 (4.00) 2 6.08 (4.99) 3 3.11 (3.11) 1 
1-5 0.00 (0.00) 0 3.29 (2.58) 5 3.46 (3.39) 8 0.74 (0.74) 2 4.42 (4.42) 1 
6-10 0.00 (0.00) 0 11.11 (11.11) 2 5.16 (5.76) 3 2.52 (2.52) 1 0.00 (0.00) 0 
11-15 0.00 (0.00) 0 1.67 (1.67) 1 4.25 (4.71) 4 1.16 (1.16) 1 4.42 (4.42) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 29.12 (29.12) 1 2.58 (2.69) 3 1.41 (5.00) 5 3.14 (4.37) 3 2.58 (2.58) 2 
1-5 1.76 (1.76) 1 6.10 (6.75) 10 5.79 (8.90) 8 2.24 (2.24) 2 6.22 (6.22) 1 
6-10 0.00 (0.00) 0 5.28 (5.28) 2 3.54 (4.67) 4 0.00 (0.00) 0 0.00 (0.00) 0 
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11-15 0.00 (0.00) 0 12.45 (12.45) 1 3.66 (3.66) 2 5.36 (5.36) 1 0.67 (0.67) 1 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 6.70 (6.70) 2 9.97 (9.97) 2 4.15 (4.60) 5 10.80 (10.94) 4 8.28 (8.08) 4 
1-5 5.17 (5.17) 1 5.04 (5.33) 4 1.58 (5.77) 6 8.91 (9.00) 7 0.00 (0.00) 0 
6-10 0.00 (0.00) 0 5.45 (5.45) 1 7.16 (7.0) 5 4.26 (4.26) 1 0.00 (0.00) 0 
11-15 8.31 (8.31) 1 2.49 (2.49) 1 11.12 (9.80) 5 2.14 (2.14) 2 2.28 (2.28) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 12.36 (12.36) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Femur 
<1 0.00 (0.00) 0 1.30 (4.97) 7 2.52 (5.39) 4 2.33 (2.49) 3 1.90 (2.99) 3 
1-5 0.00 (0.00) 0 2.55 (2.94) 7 1.47 (2.51) 12 2.02 (1.92) 9 0.23 (0.23) 1 
6-10 0.22 (0.22) 1 1.54 (1.54) 2 2.10 (3.32) 8 0.99 (0.99) 1 0.44 (0.44) 1 
11-15 0.87 (0.87) 1 0.00 (0.00) 0 1.92 (2.10) 8 0.00 (0.00) 0 3.53 (3.53) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 2.86 (2.86) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Tibia 
<1 4.75 (4.75) 1 6.47 (7.61) 7 3.0 (4.74) 6 1.00 (1.04) 4 6.32 (6.32) 2 
1-5 10.99 (10.20) 3 2.22 (8.64) 7 4.36 (4.07) 13 2.86 (3.80) 8 0.00 (0.00) 0 
6-10 14.07 (14.07) 2 3.67 (3.67) 2 2.44 (3.09) 5 0.00 (0.00) 0 3.22 (3.22) 1 
11-15 0.00 (0.00) 0 0.97 (0.97) 1 2.78 (5.00) 6 0.24 (0.24) 1 4.23 (4.23) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 4.23 (4.23) 1 0.00 (0.00) 0 0.00 (0.00) 0 
Fibula 
<1 4.20 (4.20) 1 2.29 (3.02) 3 6.50 (5.18) 3 1.53 (1.53) 2 2.15 (4.55) 3 
1-5 8.85 (8.85) 1 0.70 (2.36) 4 3.93 (4.14) 8 3.65 (3.67) 5 5.64 (5.64) 2 
6-10 8.16 (8.16) 2 13.00 (13.00) 2 3.81 (6.41) 7 0.00 (0.00) 0 1.98 (1.98) 2 
11-15 0.00 (0.00) 0 0.59 (0.59) 1 4.22 (5.48) 8 0.83 (0.83) 1 4.36 (4.36) 2 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
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Table AC.23: Median, means, and observation numbers (N) for the directional asymmetry percentages (% DA) of cortical thickness representing each phase* is shown: 
Element 
Median %DA (Mean %DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% DA Ob. % DA Ob. % DA Ob. % DA Ob. % DA Os. 
Humerus 4.95 (4.95) 1 -2.39 (-4.67) 17 -0.10 (0.87) 19 -0.35 (-0.43) 12 0.24 (-0.62) 6 
Radius 0.56 (0.56) 1 -0.25 (-1.83) 12 0.42 (0.62) 17 1.35 (1.20) 8 3.11 (3.39) 3 
Ulna -15.44 (-15.44) 2 -1.29 (-0.15) 16 -0.54 (0.35) 19 -3.66 (-2.91) 6 -0.46 (-0.56) 4 
Clavicle -1.31 (-1.29) 4 -1.58 (-0.57) 8 5.72 (5.94) 22 -3.63 (-3.10) 14 4.10 (6.15) 6 
Femur -0.55 (-0.55) 2 -1.35 (-1.19) 16 -0.16 (-0.46) 33 1.12 (0.34) 13 0.23 (0.37) 7 
Tibia 11.39 (10.79) 7 0.50 (-1.99) 17 -2.56 (-2.06) 31 0.24 (0.17) 13 -1.65 (-1.75) 5 
Fibula -3.14 (-3.95) 4 1.46 (4.27) 10 3.12 (1.41) 26 2.06 (1.66) 8 -0.17 (0.55) 8 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
the differences between the medians. 
 
 
Table AC.24: Median, means, and observation numbers (N) for the absolute asymmetry percentages (% AA) of cortical thickness representing each phase* is shown: 
Element 
Median %AA (Mean %AA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% AA Ob. % AA Ob. % AA Ob. % AA Ob. % AA Ob. 
Humerus 4.95 (4.95) 1 5.31 (7.23) 17 3.72 (5.50) 19 2.76 (3.70) 12 3.39 (4.75) 6 
Radius 0.56 (0.56) 1 2.17 (3.74) 12 4.67 (4.20) 17 2.03 (2.94) 8 3.11 (3.39) 3 
Ulna 15.44 (15.44) 2 5.53 (6.04) 16 3.73 (5.73) 19 3.66 (3.82) 6 2.79 (3.01) 4 
Clavicle 6.74 (6.72) 4 5.04 (6.72) 8 5.72 (7.00) 22 8.34 (8.23) 14 4.10 (6.15) 6 
Femur 0.55 (0.55) 2 1.99 (3.65) 16 2.03 (2.96) 33 2.02 (1.98) 13 1.90 (2.39) 7 
Tibia 11.39 (10.79) 7 3.89 (7.18) 17 3.21 (4.13) 31 1.66 (2.68) 13 3.22 (4.86) 5 
Fibula 6.53 (7.34) 4 1.54 (4.51) 10 4.06 (4.78) 26 2.88 (2.78) 8 2.43 (4.36) 8 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
the differences between the medians. 
 
Appendix D: Tables for Statistical Analyses 
	
 
Gail E. Elliott  
 
399 
Table AC.21: Median, means, and observation numbers (N) for the directional (%DA) and absolute asymmetry percentages (% AA) of cortical thickness representing each 





Median %DA (Mean %DA) Median %AA (Mean %AA) 
Hunter-Gather Group Agriculturalist Group Hunter-Gather Group Agriculturalist Group 
% DA Ob. % DA Obs % DA Ob. % DA Ob. 
Humerus 
<1 -2.39 (-2.75) 5 -2.03 (-2.44) 8 2.64 (5.60) 5 3.47 (4.22) 8 
1-5 -7.04 (-8.17) 10 -3.03 (-6.32) 16 8.15 (8.85) 10 2.55 (6.62) 16 
6-10 -9.13 (-9.13) 2 5.10 (5.06) 5 12.29 (12.29) 2 5.06 (6.28) 5 
11-15 5.31 (5.31) 1 7.85 (6.95) 7 5.31 (5.31) 1 7.85 (7.13) 6 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 2.73 (2.73) 1 
Radius 
<1 1.01 (1.02) 5 3.11 (2.60) 6 1.23 (1.30) 5 4.00 (4.03) 6 
1-5 0.36 (-0.80) 5 0.55 (1.66) 11 3.29 (2.58) 5 3.46 (2.85) 11 
6-10 -11.11 (-11.11) 2 3.60 (2.42) 4 11.11 (11.11) 2 3.84 (4.14) 4 
11-15 -1.67 (-1.67) 1 8.01 (1.07) 6 1.67 (1.67) 1 4.25 (3.43) 6 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Ulna 
<1 -15.85 (-15.91) 4 -0.54 (0.16) 10 15.85 (15.91) 4 2.58 (3.98) 10 
1-5 -2.06 (-1.75) 11 -2.79 (-3.28) 11 3.93 (4.26) 11 5.79 (5.79) 11 
6-10 5.28 (5.28) 1 0.98 (2.11) 4 5.28 (5.28) 2 3.54 (4.67) 4 
11-15 12.45 (12.45) 1 -0.67 (-0.67) 4 12.45 (12.45) 1 3.66 (3.23) 4 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
Clavicle 
<1 4.33 (4.33) 4 4.15 (2.04) 13 8.34 (8.34) 4 8.28 (7.87) 13 
1-5 -4.09 (-4.09) 5 -4.12 (-1.38) 13 5.12 (5.25) 5 5.25 (7.39) 13 
6-10 5.45 (5.45) 1 5.71 (5.63) 6 5.45 (5.45) 1 5.71 (5.63) 6 
11-15 2.91 (2.91) 2 2.28 (4.74) 9 5.40 (5.40) 2 2.28 (4.74) 9 
16-20 0.00 (0.00) 0 12.36 (12.36) 1 0.00 (0.00) 0 12.36 (12.36) 1 
Femur 
<1 1.20 (0.39) 7 1.33 (-0.01) 10 1.30 (4.97) 7 2.33 (3.62) 10 
1-5 -2.55 (-2.81) 7 0.23 (0.45) 22 2.55 (2.94) 7 1.47 (1.55) 22 
6-10 -0.65 (-0.65) 3 0.44 (-0.53) 10 0.88 (0.88) 3 0.99 (1.58) 10 
11-15 -0.87 (-0.87) 1 -0.81 (-1.11) 10 0.87 (0.87) 1 2.73 (2.82) 10 
16-20 0.00 (0.00) 0 -2.86 (-2.86) 1 0.00 (0.00) 0 2.86 (2.86) 1 
Tibia <1 5.17 (3.42) 8 -3.00 (-3.10) 12 5.61 (6.18) 8 3.00 (4.03) 12 
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1-5 4.87 (1.75) 10 -1.47 (-0.79) 21 6.61 (9.42) 10 3.61 (3.94) 21 
6-10 6.92 (6.92) 4 -1.47 (-1.46) 6 8.87 (8.87) 4 2.83 (3.16) 6 
11-15 -0.97 (-0.97) 1 0.24 (-0.34) 9 0.97 (0.97) 1 2.78 (3.16) 9 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 4.23 (4.23) 1 
Fibula 
<1 3.25 (3.61) 4 0.00 (-0.67) 8 3.25 (3.61) 4 2.15 (2.95) 8 
1-5 -4.38 (-3.56) 5 3.21 (3.47) 15 4.78 (5.61) 5 3.93 (4.48) 15 
6-10 3.71 (3.71) 4 -0.34 (-1.42) 8 10.58 (10.58) 4 2.90 (4.20) 9 
11-15 0.00 (0.00) 0 3.78 (2.79) 11 0.59 (0.59) 1 4.22 (3.56) 11 
16-20 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 0.00 (0.00) 0 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
the differences between the medians. 
 
 
Table AC.22: Median, means, and observation numbers (N) for absolute (%AA) and directional (%DA) asymmetry percentage of cortical thickness representing each 
group* is shown: 
Element Median %DA (Mean %DA) Median %AA (Mean %AA) 
Hunter-Gather Group Agriculturalist Group Hunter-Gather Group Agriculturalist Group 
% DA Obs. % DA Obs. % DA Obs. % DA Obs. 
Humerus -4.72 (-3.69) 18 1.54 (0.81) 36 6.73 (8.01) 18 3.47 (5.40) 36 
Radius -0.66 (-3.14) 13 3.36 (1.94) 27 2.48 (4.17) 13 3.92 (3.61) 27 
Ulna 1.61 (0.02) 18 -0.61 (-0.42) 29 8.87 (9.48) 18 3.60 (4.42) 29 
Clavicle 3.62 (2.15) 12 4.15 (4.68) 43 5.43 (6.11) 12 5.71 (7.60) 43 
Femur -0.76 (-0.99) 18 0.23 (-0.81) 54 1.09 (2.42) 18 2.33 (2.49) 54 
Tibia 4.00 (2.78) 23 -1.47 (-1.42) 49 6.11 (6.36) 23 3.00 (3.70) 49 
Fibula 3.25 (1.25) 13 1.61 (1.04) 43 4.02 (5.10) 13 3.42 (3.80) 43 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
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Table AC.23: Median, means, and observation numbers (N) for directional (%DA) asymmetry percentages for tooth crown dimensions across the archaeological phases: 
representing each group* is shown: 
Tooth 
Median % DA (Mean % DA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% DA Ob. % DA Ob. % DA Ob. % DA Ob. % DA Ob. 
Permanent Maxillary Dentition 
13, 23 BL 0.00 (0.00) 0 1.19 (1.19) 1 -0.22 (-1.55) 9 0.46 (0.11) 3 -3.05 (-3.05) 1 
13, 23 MD 0.00 (0.00) 0 -2.81 (-2.81) 1 2.91 (2.13) 9 0.12 (-0.28) 3 -2.58 (-2.58) 1 
13, 23 CH 0.00 (0.00) 0 -3.43 (-3.43) 1 2.52 (5.91) 7 0.65 (-1.42) 3 0.00 (0.00) 0 
14, 24 BL -4.18 (-4.18) 1 -0.42 (-0.42) 1 -1.03 (-2.48) 14 4.24 (2.78) 3 -0.89 (-0.89) 2 
14, 24 MD -1.91 (-1.91) 1 4.38 (4.38) 1 0.84 (-0.79) 13 -8.90 (-5.23) 3 -3.90 (-3.90) 2 
14, 24 CH -9.07 (-9.07) 1 -0.13 (-0.13) 1 2.61 (2.21) 10 -4.95 (-4.95) 2 -10.55 (-10.55) 1 
15, 25 BL 3.97 (3.97) 1 -2.12 (-2.12) 2 -1.87 (0.88) 12 -2.22 (-2.22) 2 -1.91 (-1.91) 2 
15, 25 MD 10.86 (10.86) 1 -6.81 (-6.81) 2 0.30 (0.43) 11 6.68 (6.68) 2 -2.56 (-2.56) 2 
15, 25 CH 15.17 (15.17) 1 10.37 (10.37) 2 7.12 (8.18) 8 0.00 (0.00) 0 -19.21 (-19.21) 2 
16, 26 BL 1.83 (9.55) 4 -0.35 (-0.32) 19 -1.05 (-0.75) 36 -0.26 (-1.15) 5 -1.80 (-2.16) 7 
16, 26 MD 9.29 (12.98) 4 1.90 (2.29) 18 0.20 (-0.39) 35 0.63 (1.23) 5 -3.60 (-2.57) 7 
16, 26 CH 9.35 (9.35) 2 1.67 (5.05) 14 0.80 (0.66) 26 -7.85 (-7.59) 4 8.01 (6.12) 6 
17, 27 BL -2.65 (-2.65) 2 1.08 (1.18) 4 -1.01 (-0.47) 14 -1.23 (-1.20) 3 -5.72 (-5.94) 3 
17, 27 MD -0.26 (-0.26) 2 3.10 (1.85) 4 -1.50 -2.68) 14 -0.50 (2.97) 3 -0.50 (-0.50) 2 
17, 27 CH 1.15 (1.15) 2 -1.83 (-5.62) 4 3.10 (6.95) 11 -3.49 (1.48) 3 12.09 (13.58) 3 
Permanent Mandibular Dentition 
33, 43 BL 0.00 (0.00) 0 8.04 (8.04) 1 -6.88 (-4.78) 7 5.46 (5.46) 2 0.00 (0.00) 0 
33, 43 MD 0.00 (0.00) 0 -4.77 (-4.77) 1 -0.14 (-2.36) 7 0.88 (0.88) 2 0.00 (0.00) 0 
33, 43 CH 0.00 (0.00) 0 -3.10 (-3.10) 1 2.11 (5.39) 7 4.94 (4.94) 2 -7.02 (-7.02) 1 
34, 44 BL -5.21 (-5.21) 2 -4.50 (-4.50) 2 -1.01 (-1.10) 14 5.26 (4.39) 3 -1.72 (-1.72) 2 
34, 44 MD -4.30 (-4.30) 2 1.28 (1.28) 2 -1.41 (-1.26) 14 -0.59 (-1.83) 3 -2.15 (-1.24) 3 
34, 44 CH -2.41 (-2.41) 2 -0.47 (-0.47) 2 0.47 (-1.68) 9 28.32 (28.32) 1 5.31 (5.31) 2 
35, 45 BL 0.00 (0.00) 0 -4.28 (-4.28) 2 1.02 (0.56) 13 1.26 (0.96) 3 -0.33 (0.82) 3 
35, 45 MD 0.00 (0.00) 0 -0.31 (-0.31) 2 0.13 (1.63) 13 -2.90 (-1.46) 3 3.13 (3.16) 3 
35, 45 CH 0.00 (0.00) 0 -11.00 (-11.00) 2 -4.79 (-2.63) 6 10.81 (10.81) 2 -6.56 (-6.56) 2 
36, 46 BL -2.27 (-2.27) 2 0.77 (1.05) 8 -0.09 (0.20) 25 0.33 (0.12) 5 1.03 (0.89) 4 
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36, 46 MD -3.56 (-3.56) 2 0.76 (0.90) 8 -0.05 (0.27) 24 -0.10 (1.12) 4 1.64 (1.82) 4 
36, 46 CH 16.01 (16.01) 2 4.81 (4.44) 5 -1.60 (-1.59) 14 11.37 (7.54) 3 -7.09 (-6.78) 4 
37, 47 BL 0.00 (0.00) 0 -2.30 (-0.78) 4 2.23 (2.41) 11 -0.20 (-0.32) 3 1.25 (1.25) 2 
37, 47 MD 0.00 (0.00) 0 -1.55 (-0.94) 4 -0.33 (0.13) 11 -1.40 (-1.23) 3 3.49 (3.04) 3 
37, 47 CH 0.00 (0.00) 0 -0.86 (1.33) 3 -0.72 (-1.79) 7 10.28 (10.28) 2 -4.43 (-4.43) 2 
Deciduous Maxillary Dentition 
53, 63 BL -5.95 (-16.37) 3 2.70 (3.10) 4 -0.33 (0.25) 14 0.00 (-0.13) 3 -5.52 (-5.52) 2 
53, 63 MD -0.15 (-3.05) 3 -0.13 (-0.004) 5 1.13 (0.18) 14 -1.40 (-0.36) 3 6.76 (6.76) 2 
53, 63 CH -10.34 (-10.34) 2 -6.02 (-6.75) 4 0.72 (-0.54) 6 1.03 (2.40) 3 0.00 (0.00) 0 
54, 64 BL -2.08 (-1.22) 6 -0.35 (-0.16) 19 -2.08 (-1.19) 41 -1.33 (-0.50) 8 -0.83 (-0.96) 6 
54, 64 MD 2.20 (1.45) 7 -0.77 (-0.87) 19 -0.40 (0.16) 40 -2.03 (-1.45) 11 -1.20 (-1.19) 5 
54, 64 CH -4.79 (-8.96) 5 -0.49 (0.44) 15 2.56 (2.55) 23 1.72 (-0.32) 8 0.00 (0.00) 0 
55, 65 BL -2.14 (0.58) 3 0.29 (0.28) 21 -1.31 (-1.38) 36 -1.74 (0.10) 7 -2.20 (-1.52) 7 
55, 65 MD -1.87 (-0.73) 3 -1.20 (-0.74) 21 -1.60 (-0.59) 36 -2.91 (-2.87) 8 -1.43 (-0.80) 7 
55, 65 CH 8.20 (6.45) 3 -0.49 (-1.79) 14 2.26 (1.63) 22 -1.31 (0.71) 8 0.69 (1.28) 4 
Deciduous Mandibular Dentition 
73, 83 BL 9.43 (8.50) 3 -2.58 (-2.59) 10 1.56 (1.86) 22 3.66 (4.90) 4 2.22 (2.22) 2 
73, 83 MD -0.90 (-2.92) 3 0.36 (-0.53) 10 -0.91 (-1.70) 23 -1.15 (1.22) 4 -4.24 (-4.24) 2 
73, 83 CH 11.76 (11.76) 2 -3.17 (-2.52) 6 0.91 (0.02) 14 -0.11 (-0.12) 4 0.00 (0.00) 0 
74, 84 BL 2.02 (0.75) 4 1.79 (0.47) 12 0.29 (1.02) 39 1.71 (0.96) 10 -2.14 (-3.01) 5 
74, 84 MD -1.48 (-2.41) 4 2.33 (2.60) 11 0.23 (-0.73) 39 0.66 (0.20) 10 2.35 (-0.74) 5 
74, 84 CH -8.93 (-8.93) 2 -1.93 (-1.10) 8 -1.20 (-3.00) 24 -2.90 (-3.67) 10 7.28 (3.90) 3 
75, 85 BL 3.48 (7.01) 5 0.01 (0.14) 20 0.34 (0.10) 34 0.49 (0.57) 6 1.75 (2.86) 6 
75, 85 MD 0.72 (2.21) 5 0.37 (-0.58) 20 0.09 (-0.38) 33 1.56 (0.24) 6 0.28 (-0.64) 7 
75, 85 CH -4.29 (-3.93) 4 -1.72 (0.28) 13 -1.23 (-0.70) 19 -1.81 (-1.32) 5 -0.65 (-0.82) 3 
	
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
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Table AC.24: Median, means, and observation numbers (N) for absolute (%AA) asymmetry percentages for tooth crown dimensions across the archaeological phases: 
representing each group* is shown: 
Tooth 
Median % AA (Mean % AA) 
Archaic Formative Middle Horizon Late Intermediate Late Period 
% AA Ob. % AA Ob. % AA Ob. % AA Ob. % AA Ob. 
Permanent Maxillary Dentition 
13, 23 BL 0.00 (0.00) 0 1.19 (1.19) 1 2.06 (2.22) 9 1.60 (1.26) 3 3.05 (3.05) 1 
13, 23 MD 0.00 (0.00) 0 2.81 (2.81) 1 2.97 (2.54) 9 5.74 (4.19) 3 2.58 (2.58) 1 
13, 23 CH 0.00 (0.00) 0 3.43 (3.43) 1 2.52 (5.91) 7 16.25 (12.69) 3 0.00 (0.00) 0 
14, 24 BL 4.18 (4.18) 1 0.42 (0.42) 1 2.08 (3.74) 14 4.24 (3.14) 3 0.89 (0.89) 2 
14, 24 MD 1.91 (1.91) 1 4.38 (4.38) 1 4.89 (4.99) 13 9.13 (11.31) 3 3.90 (3.90) 2 
14, 24 CH 9.07 (9.07) 1 0.13 (0.13) 1 4.87 (8.35) 10 11.94 (11.94) 2 10.55 (10.55) 1 
15, 25 BL 3.97 (3.97) 1 2.12 (2.12) 2 2.64 (4.97) 12 3.77 (3.77) 2 1.91 (1.91) 2 
15, 25 MD 10.86 (10.86) 1 6.81 (6.81) 2 4.78 (5.02) 11 6.68 (6.68) 2 3.17 (3.17) 2 
15, 25 CH 15.17 (15.17) 1 10.37 (10.37) 2 7.12 (9.22) 8 0.00 (0.00) 0 19.21 (19.21) 2 
16, 26 BL 1.97 (10.28) 4 2.04 (2.12) 19 1.46 (2.05) 36 1.36 (2.06) 5 1.80 (2.16) 7 
16, 26 MD 9.29 (12.98) 4 3.05 (4.71) 18 2.32 (2.94) 35 0.97 (2.83) 5 3.60 (3.10) 7 
16, 26 CH 9.63 (9.63) 2 10.86 (15.58) 14 6.98 (7.69) 26 13.02 (14.28) 4 9.17 (9.42) 6 
17, 27 BL 2.65 (2.65) 2 1.34 (1.97) 4 2.87 (3.48) 14 0.33 (-0.38) 3 5.72 (5.94) 3 
17, 27 MD 2.02 (2.02) 2 3.10 (3.19) 4 2.93 (5.28) 14 0.67 (3.75) 3 2.87 (2.87) 2 
17, 27 CH 1.15 (1.15) 2 5.62 (9.79) 4 5.02 (8.24) 11 5.36 (7.38) 3 12.09 (13.58) 3 
Permanent Mandibular Dentition 
33, 43 BL 0.00 (0.00) 0 8.04 (8.04) 1 7.16 (8.13) 7 5.46 (5.46) 2 0.00 (0.00) 0 
33, 43 MD 0.00 (0.00) 0 4.77 (4.77) 1 2.03 (5.30) 7 1.84 (1.84) 2 0.00 (0.00) 0 
33, 43 CH 0.00 (0.00) 0 3.10 (3.10) 1 3.89 (8.67) 7 4.94 (4.94) 2 7.02 (7.02) 1 
34, 44 BL 6.66 (6.66) 2 4.50 (4.50) 2 1.68 (2.67) 14 5.26 (4.83) 3 3.78 (3.78) 2 
34, 44 MD 4.30 (4.30) 2 2.41 (2.41) 2 1.87 (2.72) 14 0.59 (1.83) 3 2.61 (2.98) 3 
34, 44 CH 6.02 (6.02) 2 0.47 (0.47) 2 5.80 (6.20) 9 28.32 (28.32) 1 8.58 (8.58) 2 
35, 45 BL 0.00 (0.00) 0 4.28 (4.28) 2 1.73 (2.89) 13 1.26 (1.05) 3 0.79 (1.57) 3 
35, 45 MD 0.00 (0.00) 0 2.44 (2.44) 2 2.69 (3.65) 13 2.90 (2.52) 3 3.13 (3.16) 3 
35, 45 CH 0.00 (0.00) 0 11.00 (11.00) 2 9.20 (8.76) 6 10.81 (10.81) 2 9.36 (9.36) 2 
36, 46 BL 2.27 (2.27) 2 2.04 (2.45) 8 2.11 (2.12) 25 2.86 (2.38) 5 2.12 (2.30) 4 
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36, 46 MD 3.56 (3.56) 2 2.32 (2.29) 8 1.67 (2.32) 24 1.10 (2.20) 4 1.64 (1.99) 4 
36, 46 CH 16.61 (16.61) 2 4.81 (4.44) 5 4.28 (6.03) 14 11.37 (9.90) 3 7.09 (6.78) 4 
37, 47 BL 0.00 (0.00) 0 4.03 (3.59) 4 3.22 (3.21) 11 1.58 (1.37) 3 1.25 (1.25) 2 
37, 47 MD 0.00 (0.00) 0 4.61 (4.00) 4 2.28 (3.97) 11 1.40 (1.23) 3 3.49 (3.04) 3 
37, 47 CH 0.00 (0.00) 0 2.16 (3.35) 3 6.10 (7.13) 7 14.56 (14.56) 2 4.43 (4.43) 2 
Deciduous Maxillary Dentition 
53, 63 BL 5.95 (16.51) 3 2.70 (3.10) 4 1.34 (3.16) 14 1.57 (1.18) 3 5.52 (5.52) 2 
53, 63 MD 0.15 (3.15) 3 4.33 (3.93) 5 2.90 (3.31) 14 1.59 (1.63) 3 6.76 (6.76) 2 
53, 63 CH 10.34 (10.34) 2 6.02 (7.45) 4 6.84 (6.83) 6 1.35 (3.30) 3 0.00 (0.00) 0 
54, 64, BL 3.27 (3.77) 6 4.17 (5.13) 19 2.72 (3.42) 41 2.15 (2.76) 8 1.12 (1.64) 6 
54, 64 MD 5.42 (4.57) 7 1.63 (5.60) 19 2.75 (3.29) 40 2.03 (2.06) 11 2.33 (2.12) 5 
54, 64 CH 4.79 (10.21) 5 7.19 (7.50) 15 4.51 (4.95) 23 5.47 (6.18) 8 0.00 (0.00) 0 
55, 65 BL 3.51 (4.35) 3 1.96 (5.02) 21 1.97 (2.54) 36 1.76 (3.21) 7 2.43 (2.45) 7 
55, 65 MD 8.10 (6.13) 3 4.05 (4.42) 21 4.12 (4.13) 36 2.91 (3.27) 8 1.55 (2.05) 7 
55, 65 CH 8.20 (6.45) 3 6.89 (10.71) 14 3.41 (6.15) 22 5.77 (7.81) 8 5.91 (6.50) 4 
Deciduous Mandibular Dentition 
73, 83 BL 9.43 (8.50) 3 6.50 (6.52) 10 5.29 (5.27) 22 3.66 (4.90) 4 2.22 (2.22) 2 
73, 83 MD 0.90 (2.92) 3 2.93 (4.10) 10 2.00 (3.44) 23 3.40 (5.05) 4 4.24 (4.24) 2 
73, 83 CH 11.76 (11.76) 2 4.28 (3.80) 6 2.21 (3.41) 14 2.48 (2.50) 4 0.00 (0.00) 0 
74, 84 BL 4.50 (3.71) 4 5.02 (4.90) 12 3.79 (4.59) 39 3.78 (3.34) 10 2.14 (3.32) 5 
74, 84 MD 1.48 (2.41) 4 4.23 (4.47) 11 2.28 (3.33) 39 1.96 (2.40) 10 4.23 (4.80) 5 
74, 84 CH 16.66 (16.66) 2 4.68 (5.87) 8 4.54 (4.98) 24 2.90 (4.13) 10 7.28 (7.42) 3 
75, 85 BL 3.48 (7.72) 5 2.53 (4.43) 20 1.94 (2.22) 34 0.89 (1.34) 6 1.75 (2.86) 6 
75, 85 MD 2.59 (4.17) 5 2.22 (2.66) 20 1.94 (2.38) 33 1.72 (2.28) 6 1.47 (3.31) 7 
75, 85 CH 6.97 (6.61) 4 3.30 (4.76) 13 2.88 (3.63) 19 2.11 (2.17) 5 0.65 (0.82) 3 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
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Table AC. 25: Median, means, and observation numbers (N) for directional (%DA) and absolute (%AA) asymmetry percentages for tooth crown dimensions across the 
between the hunter-gathering and agriculturalist groups is shown: 
Tooth 
Median % DA (Mean % DA) Median % AA (Mean % AA) 
Hunter-gatherers Agriculturalists Hunter-gatherers Agriculturalists 
% DA Ob. % DA Ob. % DA Ob. % DA Ob. 
Permanent Maxillary Dentition 
13, 23 BL 1.19 (1.19) 1 -0.22 (-1.50) 13 1.19 (1.19) 1 2.06 (2.18) 13 
13, 23 MD -2.81 (-2.81) 1 0.12 (-0.24) 13 2.81 (2.81) 1 2.97 (3.10) 13 
13, 23 CH -3.43 (-3.43) 1 1.59 (2.25) 10 3.43 (3.43) 1 9.39 (9.30) 10 
14, 24 BL -2.30 (-2.30) 2 -0.89 (-0.20) 19 2.30 (2.30) 2 2.08 (2.59) 19 
14, 24 MD 1.24 (-1.24) 2 -3.90 (-3.31) 18 3.15 (3.15) 2 4.89 (6.73) 18 
14, 24 CH -4.60 (-4.60) 2 -4.95 (-4.43) 13 4.60 (4.60) 2 10.55 (10.28) 13 
15, 25 BL 0.93 (0.93) 3 -1.91 (-1.08) 16 3.05 (3.05) 3 2.64 (3.55) 16 
15, 25 MD 2.03 (2.03) 3 0.30 (1.52) 15 8.84 (8.84) 3 4.78 (4.96) 15 
15, 25 CH 12.77 (12.77) 3 -6.05 (-5.52) 10 12.77 (12.77) 3 13.17 (14.22) 10 
16, 26 BL 0.74 (4.62) 23 -1.05 (-1.35) 48 2.01 (6.20) 23 1.46 (2.09) 48 
16, 26 MD 5.60 (7.64) 22 0.20 (-0.58) 47 6.17 (8.85) 22 2.32 (2.96) 47 
16, 26 CH 5.51 (7.20) 16 0.80 (-0.27) 36 10.25 (12.61) 16 9.17 (10.46) 36 
17, 27 BL -0.79 (-0.74) 6 -1.23 (-2.54) 20 2.00 (2.31) 6 5.72 (3.01) 20 
17, 27 MD 1.42 (0.80) 6 -0.50 (-0.07) 19 2.56 (2.61) 6 2.87 (3.97) 19 
17, 27 CH -0.34 (-2.24) 6 3.10 (7.34) 17 3.39 (5.47) 6 5.36 (10.48) 17 
Permanent Mandibular Dentition 
33, 43 BL 8.04 (8.04) 1 -0.71 (0.34) 9 8.04 (8.04) 1 6.31 (6.80) 9 
33, 43 MD -4.77 (-4.77) 1 0.37 (-0.74) 9 4.77 (4.77) 1 1.94 (3.57) 9 
33, 43 CH -3.10 (-3.10) 1 2.11 (1.10) 10 3.10 (3.10) 1 4.94 (6.88) 10 
34, 44 BL -4.86 (-4.86) 4 -1.01 (0.52) 19 5.58 (5.58) 4 3.78 (3.76) 19 
34, 44 MD -1.51 (-1.51) 4 -1.41 (-1.33) 20 3.36 (3.36) 4 1.87 (2.51) 20 
34, 44 CH -1.44 (-1.44) 4 5.31 (10.65) 12 3.25 (3.25) 4 8.58 (14.37) 12 
35, 45 BL -4.28 (-4.28) 2 1.02 (0.78) 19 4.28 (4.28) 2 1.26 (1.31) 19 
35, 45 MD -0.31 (-0.31) 2 0.13 (1.11) 19 2.44 (2.44) 2 2.90 (3.11) 19 
35, 45 CH -11.00 (-11.00) 2 -4.79 (0.54) 10 11.00 (11.00) 2 9.36 (9.64) 10 
36, 46 BL -0.75 (-0.61) 10 0.33 (0.40) 34 2.16 (2.36) 10 2.12 (2.27) 34 
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36, 46 MD -1.40 (-1.33) 10 -0.05 (1.07) 33 2.94 (2.95) 10 1.64 (2.17) 33 
36, 46 CH 10.41 (10.23) 7 -1.60 (-0.28) 21 10.71 (10.53) 7 7.09 (7.57) 21 
37, 47 BL -2.30 (-0.78) 4 1.25 (1.11) 16 4.03 (3.59) 4 1.58 (1.94) 16 
37, 47 BL -1.55 (-0.94) 4 -0.33 (0.64) 17 4.61 (4.00) 4 2.28 (2.75) 17 
37, 47 CH -0.86 (1.33) 3 -0.72 (1.35) 11 2.16 (3.35) 3 6.10 (8.71) 11 
Deciduous Maxillary Dentition 
53, 63 BL -1.63 (-6.64) 7 -0.33 (-1.80) 19 4.33 (9.81) 7 1.57 (3.29) 19 
53, 63 MD -0.14 (-1.53) 8 1.13 (2.19) 19 2.24 (3.54) 8 2.90 (3.90) 19 
53, 63 CH -8.18 (-8.55) 6 0.88 (0.93) 9 8.18 (8.90) 6 4.10 (5.10) 9 
54, 64 BL -1.22 (-0.69) 25 -1.33 (-0.88) 55 3.72 (4.45) 25 2.15 (2.61) 55 
54, 64 MD 0.72 (0.29) 26 -1.20 (-0.83) 56 3.53 (5.09) 26 2.33 (2.49) 56 
54, 64 CH -2.64 (-4.26) 20 2.14 (1.12) 31 5.99 (8.86) 20 4.99 (5.57) 31 
55, 65 BL -0.93 (0.43) 24 -1.74 (-0.93) 50 2.74 (4.69) 24 1.97 (2.73) 50 
55, 65 MD -1.54 (-0.74) 24 -1.60 (-1.42) 51 6.08 (5.28) 24 2.91 (3.27) 51 
55, 65 CH 3.90 (2.33) 17 0.69 (1.21) 34 7.55 (8.58) 17 5.77 (6.82) 34 
Deciduous Mandibular Dentition 
73, 83 BL 3.43 (3.00) 13 2.22 (2.99) 28 7.97 (7.51) 13 3.66 (4.13) 28 
73, 83 MD -0.27 (-1.73) 13 -1.15 (-1.57) 29 1.92 (3.51) 13 3.40 (4.24) 29 
73, 83 CH 4.30 (4.42) 8 0.40 (-0.05) 18 8.02 (7.78) 8 2.35 (2.96) 18 
74, 84 BL 1.91 (0.61) 16 0.29 (-0.34) 54 4.76 (4.31) 16 3.78 (3.75) 54 
74, 84 MD 0.43 (0.10) 15 0.66 (-0.42) 54 2.86 (3.44) 15 2.28 (3.51) 54 
74, 84 CH -5.43 (-5.02) 10 -1.20 (-0.92) 37 10.67 (11.27) 10 4.54 (5.51) 37 
75, 85 BL 1.75 (3.58) 25 0.49 (1.18) 46 3.01 (6.10) 25 1.75 (2.14) 46 
75, 85 MD 0.55 (0.82) 25 0.28 (-12.80) 46 2.41 (3.42) 25 1.72 (2.66) 46 
75, 85 CH -3.01 (-1.83) 17 -1.23 (-0.95) 27 5.14 (5.69) 17 2.11 (2.21) 27 
 
*Superscript letters show where significant differences between the median percentages of the cortical thickness for the different archaeological periods present. P-values for 
the differences between the medians. 
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Table AC.26: Results including the median (MED), interquartile range (IQR), and observation numbers (N) representing general changes in maxillary dental crown 
measurement size for the different archaeological phases.  
Tooth Pair  Archaic Period Formative Period Middle Horizon Late Intermediate Late Period P- Value MED IQR N MED IQR N MED IQR N MED IQR N MED IQR N 
13, 23 (BL) 7.03 1.87 3 8.08 0.70 2 8.76 0.73 14 8.72 0.10 5 8.64 1.09 2 0.054 
13, 23 (CH) 9.88 1.28 3 10.86 1.33 2 10.63 1.88 13 10.36 0.92 4 10.64 0.00 1 0.827 
13, 23 (MD) 7.91 1.64 3 8.36 0.38 2 8.32 0.94 14 8.17 0.04 5 8.46 0.14 2 0.242 
14, 24 (BL) 7.96 1.52 3 9.61 0.55 4 9.49 0.98 20 8.91 1.22 4 9.46 1.45 2 0.212 
14, 24 (CH) 8.31 0.59 2 8.26 0.89 4 8.22 1.17 17 7.14 2.49 3 7.65 0.25 2 0.603 
14, 24 (MD) 7.33 1.31 3 7.61 0.59 4 7.50 0.88 20 6.88 0.83 4 7.23 0.72 2 0.509 
15, 25 (BL) 9.06 0.50 2 9.20 0.47 2 9.22 0.94 15 8.69 0.86 3 9.85 1.95 3 0.461 
15, 25 (CH) 5.78 a 0.50 2 6.59 1.20 2 7.34a, b 0.88 12 6.48 1.39 3 6.42b 0.54 3 0.016 
15, 25 (MD) 7.05 0.10 2 7.31 0.75 2 6.92 0.39 15 6.46 1.45 3 6.81 1.27 3 0.482 
16, 26 (BL) 11.50 a 1.29 6 11.54b 0.56 24 12.0 a, b 0.62 37 11.77 0.57 6 11.92 0.83 8 0.007 
16, 26 (CH) 6.63 1.03 4 6.72 0.68 21 7.19 0.98 33 6.85 0.17 5 7.00 0.79 8 0.255 
16, 26 (MD) 11.32 1.07 6 11.49 0.88 24 11.62 0.88 37 11.92 1.29 6 11.36 0.72 8 0.402 
17, 27 (BL) 
10.43 










0.61 4 11.74 0.59 4 0.012 
17, 27 (CH) 5.99 0.84 4 7.34 0.82 6 7.25 0.89 16 7.25 1.24 4 6.69 0.91 4 0.399 
17, 27 (MD) 11.40 0.90 5 9.87 1.95 7 10.73 1.88 18 11.24 1.93 4 12.53 0.74 4 0.160 
 
BL= buccolingual, MD= mesiodistal, and CH= crown height.  
 
*Superscript letters show where significant differences between the medians of the tooth dimensions for the different archaeological phases are located. No significant 
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Table AC.27: Results for permanent maxillary dental crown measurement size including tooth measurement comparisons, observation numbers (N), median (MED), and 
interquartile (IQR) ranges for the different archaeological phases*.  
Tooth Pair  Archaic Period Formative Period Middle Horizon Late Intermediate Late Period P- Value MED IQR N MED IQR N MED IQR N MED IQR N MED IQR N 
33, 43 (BL) 7.45 0.00 1 6.98 0.78 2 7.67 0.76 13 7.07 0.09 3 6.96 0.00 1 0.446 
33, 43 (CH) 11.79 0.00 1 10.74 1.07 2 11.07 1.10 13 11.67 0.32 2 10.97 0.00 1 0.417 
33, 43 (MD) 6.45 0.00 1 7.36 0.38 2 7.37 0.43 14 6.99 0.82 3 7.27 0.22 2 0.192 
34, 44 (BL) 7.34 0.93 3 7.71 0.59 2 8.00 0.95 19 7.86 0.94 4 8.17 0.64 3 0.174 
34, 44 (CH) 8.09 0.80 3 7.95 1.85 2 8.46 0.57 16 7.58 1.23 3 8.42 0.31 2 0.306 
34, 44 (MD) 6.77 0.57 3 7.35 0.52 2 7.32 0.72 19 6.93 1.20 4 7.45 0.76 3 0.446 
35, 45 (BL) 7.88 0.00 1 7.95 0.05 2 8.76 0.77 13 7.91 1.06 3 8.11 1.57 3 0.311 
35, 45 (CH) 5.39 0.00 1 6.83 0.47 2 7.47 0.60 11 6.83 1.42 3 7.05 0.91 2 0.234 
35, 45 (MD) 6.47 0.00 1 7.33 0.59 2 7.25 0.47 13 7.14 0.34 3 7.81 1.30 3 0.431 
36, 46 (BL) 10.96 0.42 4 11.09 0.76 10 11.25 0.50 34 11.51 0.84 5 11.12 1.19 8 0.730 
36, 46 (CH) 6.54 0.46 4 6.86 0.72 9 7.36 1.26 27 6.89 1.65 5 7.33 0.47 7 0.246 
36, 46 (MD) 11.88 0.77 4 11.74 0.52 10 11.81 0.70 34 12.44 0.85 5 11.34 0.90 8 0.576 
37, 47 (BL) 9.96 0.76 3 10.51 0.51 4 10.60 0.85 16 10.73 0.69 3 10.90 1.38 3 0.343 
37, 47 (CH) 6.62 0.58 3 7.34 1.02 4 7.00 0.68 16 6.74 0.35 3 6.94 0.45 3 0.199 
37, 47 (MD) 10.89 0.84 3 11.21 1.30 4 11.40 1.10 16 10.69 0.64 3 11.49 1.07 3 0.604 
 
BL= buccolingual, MD= mesiodistal, and CH= crown height.  
 
*Superscript letters show where significant differences between the medians of the tooth dimensions for the different archaeological phases are located. No significant 
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Table AC.28: Results for the deciduous maxillary and mandibular dental crown size including tooth measurement comparisons, observation numbers (N), median (MED), 
and interquartile (IQR) ranges for the different archaeological phases*. 
Tooth Pair Archaic Period Formative Period Middle Horizon Late Intermediate Late Period P- Value MED IQR N MED IQR N MED IQR N MED IQR N MED IQR N 
53, 63 (BL) 5.88 1.57 7 5.80 0.69 15 6.02a 0.29 29 5.59a 0.57 10 5.61 0.94 7 0.036 
53, 63 (CH) 6.23 0.91 7 6.78 0.90 13 6.76 0.75 17 6.65 1.28 9 6.66 0.28 2 0.485 
53, 63 (MD) 6.98 0.68 7 7.14 0.53 15 7.16 0.33 29 6.88 0.42 10 6.93 0.48 7 0.187 
54, 64 (BL) 
8.08 
a, b, c 
0.93 11 8.64d 0.85 34 
8.97 
c, d, e 
0.61 58 8.65 a, e 0.61 17 8.87b 0.84 12 <0.001 
54, 64 (CH) 5.45 1.20 7 5.71 0.47 21 5.86 0.64 35 5.79 0.47 14 5.79 0.70 4 0.249 
54, 64 (MD) 
7.07 
a, b 
1.04 11 7.44 c 0.71 34 
7.63 
b, c 
0.55 58 7.57a 0.36 17 7.51 0.46 12 0.037 









0.68 48 10.21 0.79 8 
10.18 
a, c 
0.61 10 <0.001 
55, 65 (CH) 5.99a 0.16 5 6.03b 0.77 24 6.35a, b, c 0.67 31 6.23 0.20 8 6.04c 0.67 6 0.046 
55, 65 (MD) 9.74 1.55 7 9.81a 0.64 27 10.08a 0.68 48 9.87 0.89 8 10.05 0.43 10 0.028 
73, 83 (BL) 5.21 0.41 6 5.19 0.65 15 5.22 0.63 35 5.15 0.52 8 5.59 0.45 6 0.484 
73, 83 (CH) 6.39 0.59 5 6.94 1.05 11 6.75 0.85 24 6.94 0.82 6 6.73 0.00 1 0.885 
73, 83 (MD) 5.99 0.56 6 5.98 0.53 15 6.27 0.60 35 6.02 0.40 8 5.94 0.41 6 0.023 
74, 84 (BL) 7.15 0.51 10 7.17 0.76 23 7.27 0.39 53 7.09 0.38 14 6.96 0.80 10 0.601 
74, 84 (CH) 5.93 a, b 0.60 7 6.34 c, d 0.95 17 
6.82 
b, d, f 
0.46 36 
6.83 




0.57 5 0.002 
74, 84 (MD) 8.17 0.76 10 8.42 0.57 23 8.48 0.68 53 8.57 0.77 14 8.36 0.43 10 0.076 
75, 85 (BL) 9.32 0.94 7 9.16 0.65 23 9.43 0.61 43 9.25 0.71 8 9.33 0.75 8 0.456 
75, 85 (CH) 5.62 0.99 6 6.14 1.05 16 6.36 0.72 26 6.13 0.40 6 6.10 0.17 4 0.149 
75, 85 (MD) 10.58 1.11 7 10.60 0.63 23 10.92 0.92 43 10.66 0.91 8 10.92 0.20 9 0.206 
 
BL= buccolingual, MD= mesiodistal, and CH= crown height. *Superscript letters show where significant differences between the medians of the tooth dimensions for the 
different archaeological phases are located. 
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Table AC.29: Significant differences between the archaeological phases, measurements and the teeth 
that these differences represent for the permanent and deciduous dentition are shown.  
Significant Differences Measurement Tooth Pair 
Archaic, Formative BL 17, 27 
Archaic, Middle Horizon 
MD 54, 64 
BL 54, 64; 55, 65 
CH 
55, 65; 74, 84; 15, 
25; 17, 27 
Archaic, Late Intermediate 
MD 54, 64 
BL 54, 64; 17, 27 
CH 74, 84 
Archaic, Late Period BL 54, 64; 55, 65 
Formative, Middle Horizon 
MD 54, 64; 55, 65 
BL 54, 64; 55, 65 
CH 55, 65; 74, 84; 17, 27 
Formative, Late Intermediate CH 74, 84 
Formative, Late Period BL 55, 65 
Middle Horizon, Late Intermediate BL 54, 64 
Middle Horizon, Late Period CH 55, 65; 74, 84; 15, 25 
Late Intermediate, Late Period CH 74, 84 
 
















Appendix D: Tables for Statistical Analyses 
	
 
Gail E. Elliott  
 
411 
Table AC.30: Results for permanent maxillary dental crown size including tooth measurement 
comparisons, observation numbers (N), median (MED), and interquartile ranges (IQR) for the hunter-
gatherer and agriculturalist groups for the maxillary and mandibular permanent dentition*.  
Tooth Pair 
Hunter-Gatherer 
Group Agriculturalist Group P-Value MED IQR N MED IQR N 
Maxillary Permanent Teeth 
13, 23 (BL) 7.07a 0.70 5 8.74a 0.65 21 0.005 
13, 23 (CH) 10.20 0.77 5 10.63 1.33 18 0.655 
13, 23 (MD) 7.92 0.27 5 8.25 0.40 21 0.229 
14, 24 (BL) 9.33 1.69 7 9.47 1.08 26 0.454 
14, 24 (CH) 8.28 0.63 6 8.14 1.24 22 0.737 
14, 24 (MD) 7.38 0.73 7 7.32 0.87 26 0.509 
15, 25 (BL) 9.14 0.48 4 9.19 1.11 21 0.767 
15, 25 (CH) 5.89a 0.81 4 6.76a 1.00 18 0.033 
15, 25 (MD) 7.05 0.42 4 6.91 0.37 21 0.250 
16, 26 (BL) 11.54a 0.52 30 11.90a 0.69 51 <0.001 
16, 26 (CH) 6.72 0.69 25 7.12 0.94 46 0.058 
16, 26 (MD) 11.49 0.78 30 11.60 0.89 51 0.574 
17, 27 (BL) 10.81a 1.13 12 11.74a 0.87 26 0.003 
17, 27 (CH) 6.96 1.71 10 7.22 0.98 24 0.496 
17, 27 (MD) 11.11 2.02 12 11.53 2.17 26 0.315 
 
Mandibular Permanent Teeth  
33, 43 (BL) 7.37 0.86 3 7.32 0.86 17 0.633 
33, 43 (CH) 11.28 1.58 3 11.07 1.22 16 0.911 
33, 43 (MD) 7.17 1.10 3 7.32 0.54 19 0.416 
34, 44 (BL) 7.42 0.24 5 7.98 0.71 26 0.003 
34, 44 (CH) 8.09 0.80 5 8.40 0.69 21 0.871 
34, 44 (MD) 7.09 0.42 3 7.28 0.72 19 0.436 
35, 45 (BL) 7.92 0.10 3 8.48 1.17 19 0.271 
35, 45 (CH) 6.60 1.67 3 7.45 0.98 16 0.039 
35, 45 (MD) 7.04 1.16 3 7.25 0.65 19 0.363 
36, 46 (BL) 11.05 0.36 13 11.25 0.67 39 0.552 
36, 46 (CH) 6.62 0.49 14 7.35 1.15 47 0.082 
36, 46 (MD) 11.76 0.61 14 11.77 0.94 47 0.958 
37, 47 (BL) 10.33 0.84 7 10.67 0.76 22 0.060 
37, 47 (CH) 7.00 0.78 7 7.00 0.45 22 0.529 
37, 47 (MD) 10.94 0.84 7 11.35 0.99 22 0.779 
 
BL=Buccolingual, MD= mesiodistal, and CH= crown height.  
 
*Superscript letters show where significant differences between the medians of the tooth dimensions for 
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Table AC.31: Results for permanent maxillary dental crown size including tooth pair dimension 
comparisons, observation numbers (N), median (MED), and interquartile ranges (IQR) for the hunter-
gatherer and agriculturalist groups for the maxillary and mandibular deciduous dentition*.  
Tooth Pair 
Hunter-Gatherer 
Group Agriculturalist Group 
P-
Value 
MED IQR N MED IQR N 
Maxillary Deciduous Teeth  
53, 63 (BL) 5.84 0.69 22 5.88 0.58 46 0.501 
53, 63 (CH) 6.44 1.03 20 6.76 0.83 28 0.369 
53, 63 (MD) 7.10 0.52 22 7.08 0.40 46 0.796 
54, 64 (BL) 8.53a 0.94 45 8.89a 0.65 87 <0.001 
54, 64 (CH) 5.69a 0.51 28 5.86a 0.63 53 0.035 
54, 64 (MD) 7.36a 0.73 45 7.58a 0.50 87 0.016 
55, 65 (BL) 9.82 0.69 34 10.29 0.61 66 0.001 
55, 65 (CH) 6.00 0.58 29 6.26 0.54 45 0.019 
55, 65 (MD) 9.81a 0.56 34 10.06a 0.66 66 0.005 
 
Mandibular Deciduous Teeth   
73, 83 (BL) 5.20 0.48 21 5.22 0.58 49 0.526 
73, 83 (CH) 6.85 1.08 16 6.74 0.80 31 0.531 
73, 83 (MD) 5.99 0.49 21 6.20 0.63 49 0.052 
74, 84 (BL) 7.18 0.64 33 7.20 0.43 77 0.897 
74, 84 (CH) 6.15a 0.95 24 6.77a 0.47 54 0.002 
74, 84 (MD) 8.39a 0.59 33 8.49a 0.67 77 0.040 
75, 85 (BL) 9.25 0.44 30 9.39 0.60 59 0.361 
75, 85 (CH) 6.09 1.21 22 6.18 0.61 36 0.184 
75, 85 (MD) 10.60 0.63 30 10.91 0.85 60 0.060 
 
BL= buccolingual, MD= mesiodistal, and CH= crown height.  
 
*Superscript letters show where significant differences between the medians of the tooth dimensions for 
the different archaeological phases are found. *The superscript letters show where significant 
differences between the medians of the tooth dimensions for the different archaeological phases are 
located. 
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Table AC.32: Archaeological phase, type of defects of dental enamel, teeth observed including those with and those without defects, individuals with and without defects, and 





Deciduous Dentition Permanent Dentition Total Teeth 



























Archaic H. Pits 6/112 5.36 5/20 25.00 3/53 5.66 2/20 10.00 9/165 5.45 H. Grooves 0/112 0.00 0/20 0.00 2/53 3.77 1/20 5.00 2/165 1.21 
Formativ
e 
H. Pits 5/253 1.98 5/44 11.36 11/94 11.70 9/44 20.45 16/347 4.61 
H. Grooves 2/253 0.79 2/44 4.55 8/94 8.51 5/44 11.36 10/347 2.88 
Mid. H. H. Pits 8/383 2.09 8/84 9.52 6/444 1.35 4/84 4.76 14/827 1.69 H. Grooves 20/383 5.22 12/84 14.29 99/444 22.30 36/84 42.86 119/827 14.39 
Late Int. H. Pits 1/118 0.85 1/25 4.00 0/75 0.00 0/25 0.00 1/193 0.52 H. Grooves 4/118 3.39 3/25 12.00 8/75 10.67 3/25 12.00 12/193 6.22 
Late P. H. Pits 2/109 1.83 2/21 9.52 0/82 0.00 0/21 0.00 2/191 1.05 H. Grooves 1/109 0.92 1/21 4.76 8/82 9.76 4/21 19.05 9/191 4.71 
 
Hunter H. Pits 11/365 3.01 10/64 15.63 14/147 9.52 11/64 17.19 25/512 4.88 H. Grooves 2/365 0.55 5/64 7.81 10/147 6.80 6/64 9.38 11/512 2.15 
Agri. H. Pits 11/610 1.80 8/130 6.15 6/601 1.00 4/130 3.08 17/1211 1.40 H. Grooves 25/610 4.10 16/130 12.31 115/601 19.13 43/130 33.08 128/1211 10.57 
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Table AC.33: Archaeological phase, type of defects of dental enamel, and the deciduous and permanent teeth divided into the anterior and posterior dentition with 





Deciduous Dentition Permanent Dentition  










H. Pits 4/58 6.90 2/54 3.70 0/16 0.00 4/37 10.81 
H. 
Grooves 0/58 0.00 0/58 0.00 0/16 0.00 0/37 00.00 
Formative 
H. Pits 2/114 1.75 3/139 2.16 0/33 0.00 12/61 19.67 
H. 
Grooves 1/114 0.88 1/139 0.72 4/33 12.12 4/61 6.56 
Mid. H. 
H. Pits 4/176 2.27 4/207 1.93 0/159 0.00 5/285 17.54 
H. 
Grooves 15/176 8.52 4/207 1.93 69/159 43.40 28/285 9.82 
Late Int. 
H. Pits 0/58 0.00 1/60 1.67 0/29 0.00 0/46 0.00 
H. 
Grooves 2/58 3.45 3/60 5.00 8/29 27.59 0/46 0.00 
Late P. 
H. Pits 2/46 4.35 0/63 0.00 0/31 0.00 0/51 0.00 
H. 
Grooves 0/46 0.00 1/63 1.59 8/31 25.81 0/51 0.00 
 
Hunter 
H. Pits 6/172 3.49 5/193 2.59 1/49 2.04 16/98 16.33 
H. 
Grooves 1/172 0.58 1/193 0.52 0/43 0.00 4/98 4.08 
Agri. 
H. Pits 6/280 2.14 5/330 1.52 0/219 0.00 5/382 1.31 
H. 
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Table AC.34: The median (MED) age, interquartile range, and numbers of observations are shown for the archaeological phases for each type of defect in the anterior and 
posterior deciduous and permanent dentition. ** 
Teeth Type of Defect 
Archaic Formative Middle H. Late Int. Late P. P-
Value MED IQR N MED IQR N MED IQR N MED IQR N MED IQR N 
Deciduous Dentition 
Anterior Pits 0.002 0.17 4 0.05 0.49 2 0.17 0.15 5 . . . -0.08 0.32 2 0.218 Grooves 0.05 0.12 3 0.003 0.00 1 -0.02 0.12 15 . . . . . . 0.668 
Posterior Pits -0.03 0.25 2 -0.30 0.54 3 -0.26 0.15 3 -0.29 0.00 1 . . . 0.399 Grooves . . . 0.29 0.00 1 0.16 0.28 3 0.24 0.28 2 0.14 0.00 1 0.691 
All Decid. Pits 0.002 0.13 6 -0.19 0.26 5 0.13 0.42 8 -0.29 0.00 1 -0.08 0.32 2 0.369 Grooves 0.05 0.12 3 0.15 0.29 2 0.01 0.20 18 0.06 0.23 4 0.14 0.00 1 0.741 
 
Permanent Dentition 
Anterior Pits . . . . . . . . . . . . . . . . Grooves 3.06 0.00 1 2.82 0.41 4 2.96 1.13 91 3.20 1.25 10 2.90 1.02 14 0.611 
Posterior Pits 3.01 4.33 2 0.78 0.51 9 . . . . . . . . . 0.346 Grooves 1.73 2.22 5 1.53 5.21 4 3.68 3.41 36 . . . . . . 0.833 
All 
Perm. 
Pits 3.01 4.33 2 0.78 0.51 9 . . . . . . . . . 0.346 
Grooves 2.39 2.22 6 2.74 1.61 8 3.03 1.32 127 3.20 1.25 10 2.90 1.02 14 0.578 
 
* P-valuse indicate the presence or absence of significant differences between the medians.   
 
* Although some defects were noted in Tables 5.30 and 5.31, they were not recorded here because dental wear prevented an accurate recording of crown height needed to 
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Table AC.35: Median (MED) age and interquartile (IQR) ranges are shown for each type of defect in 
the anterior and posterior teeth of deciduous and permanent dentition for the hunter-gatherer and 
agriculturalist groups.  
Teeth Type of Defect 
Hunter-Gatherer Group Agriculturalist Group P-
Value MED IQR N MED IQR N 
Deciduous Dentition 
Anterior Pits 0.00 0.30 6 0.14 0.21 7 0.391 Grooves 0.04 0.08 4 -0.02 0.11 17 0.371 
Posterior Pits -0.15 0.26 5 -0.26 0.09 4 0.807 Grooves 0.29 0.00 1 0.15 0.14 6 0.317 
 
Permanent Dentition 
Anterior Pits . . . . . . . Grooves 2.83 0.23 5 2.96 1.08 115 0.942 
Posterior Pits . . . . . . . Grooves 1.69 2.32 9 3.68 3.41 36 0.570 
 
* The P-value indicates the presence or absence of significant differences between the medians.   
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Table AC.36: Results for the canine, hamate, distal radial epiphysis and cervical vertebrae maturation (CVM) including observation numbers, median (MED), and 
interquartile ranges (IQR) for the different archaeological phases.  
Element Stage  
Archaic Formative Middle Horizon Late Intermediate Late Period P-
Value MED IQR N MED IQR N MED IQR N MED IQR N MED IQR N 
Canine G/H 11.13 0.05 2 11.25 1.70 2 12.80 1.85 13 12.80 2.75 3 14.75 3.95 3 0.122 
Radius Present 4.95 0.00 1 3.55 2.33 8 6.28 7.95 14 5.60 11.75 6 6.35 10.10 3 0.717 
CVM 
I/II 3.70 4.30 2 11.10 0.00 1 9.95 4.05 7 9.40 4.30 4 11.10 0.00 1 0.276 
III/IV/V 11.10 0.00 1 12.10 0.00 1 14.0 0.75 5 13.35 1.10 2 12.70 0.00 1 0.476 
 
 
Table AC.37: Results for the canine, hamate, distal radial epiphysis, and cervical vertebrae maturation (CVM) including observation numbers, median (MED) and 
interquartile ranges for the hunter-gatherer and agriculturalist groups.  
Element Stage 
Hunter-Gatherers Agriculturalists P-
Value MED IQR N MED IQR N 
Canine G/H 11.13 0.88 4 12.80 2.60 19 0.021 
Radius Present 3.55 1.40 9 6.35 8.50 23 0.160 
CVM 
I/II 5.85 9.55 3 10.53 4.18 12 0.096 
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